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Preface 


In the Preface to the previous edition, we posed questions regarding trends in engineering 
education and practice, and whether the discipline of heat transfer would remain relevant. 
After weighing various arguments, we concluded that the future of engineering was bright 
and that heat transfer would remain a vital and enabling discipline across a range of emerg- 
ing technologies including but not limited to information technology, biotechnology, phar- 
macology, and alternative energy generation. 

Since we drew these conclusions, many changes have occurred in both engineering 
education and engineering practice. Driving factors have been a contracting global econ- 
omy, coupled with technological and environmental challenges associated with energy pro- 
duction and energy conversion. The impact of a weak global economy on higher education 
has been sobering. Colleges and universities around the world are being forced to set prior- 
ities and answer tough questions as to which educational programs are crucial, and which 
are not. Was our previous assessment of the future of engineering, including the relevance 
of heat transfer, too optimistic? 

Faced with economic realities, many colleges and universities have set clear priorities. 
In recognition of its value and relevance to society, investment in engineering education 
has, in many cases, increased. Pedagogically, there is renewed emphasis on the fundamen- 
tal principles that are the foundation for lifelong learning. The important and sometimes 
dominant role of heat transfer in many applications, particularly in conventional as well as in 
alternative energy generation and concomitant environmental effects, has reaffirmed its 
relevance. We believe our previous conclusions were correct: The future of engineering 
is bright, and heat transfer is a topic that is crucial to address a broad array of technological 
and environmental challenges. 

In preparing this edition, we have sought to incorporate recent heat transfer research at 
a level that is appropriate for an undergraduate student. We have strived to include new 
examples and problems that motivate students with interesting applications, but whose 
solutions are based firmly on fundamental principles. We have remained true to the peda- 
gogical approach of previous editions by retaining a rigorous and systematic methodology 
for problem solving. We have attempted to continue the tradition of providing a text that 
will serve as a valuable, everyday resource for students and practicing engineers through- 
out their careers. 
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Approach and Organization 


Previous editions of the text have adhered to four learning objectives: 


1. The student should internalize the meaning of the terminology and physical principles 
associated with heat transfer. 


2. The student should be able to delineate pertinent transport phenomena for any process 
or system involving heat transfer. 


3. The student should be able to use requisite inputs for computing heat transfer rates 
and/or material temperatures. 


4. The student should be able to develop representative models of real processes and systems 
and draw conclusions concerning process/system design or performance from the atten- 
dant analysis. 


Moreover, as in previous editions, specific learning objectives for each chapter are 
clarified, as are means by which achievement of the objectives may be assessed. The sum- 
mary of each chapter highlights key terminology and concepts developed in the chapter and 
poses questions designed to test and enhance student comprehension. 

It is recommended that problems involving complex models and/or exploratory, what- 
if, and parameter sensitivity considerations be addressed using a computational equation- 
solving package. To this end, the Interactive Heat Transfer (IHT) package available in pre- 
vious editions has been updated. Specifically, a simplified user interface now delineates 
between the basic and advanced features of the software. It has been our experience that 
most students and instructors will use primarily the basic features of JHT. By clearly identi- 
fying which features are advanced, we believe students will be motivated to use JHT on a 
daily basis. A second software package, Finite Element Heat Transfer (FEHT), developed 
by F-Chart Software (Madison, Wisconsin), provides enhanced capabilities for solving 
two-dimensional conduction heat transfer problems. 

To encourage use of JHT, a Quickstart User’s Guide has been installed in the soft- 
ware. Students and instructors can become familiar with the basic features of JHT in 
approximately one hour. It has been our experience that once students have read the 
Quickstart guide, they will use JHT heavily, even in courses other than heat transfer. 
Students report that JHT significantly reduces the time spent on the mechanics of lengthy 
problem solutions, reduces errors, and allows more attention to be paid to substantive 
aspects of the solution. Graphical output can be generated for homework solutions, 
reports, and papers. 

As in previous editions, some homework problems require a computer-based solution. 
Other problems include both a hand calculation and an extension that is computer based. 
The latter approach is time-tested and promotes the habit of checking a computer-generated 
solution with a hand calculation. Once validated in this manner, the computer solution can 
be utilized to conduct parametric calculations. Problems involving both hand- and com- 
puter-generated solutions are identified by enclosing the exploratory part in a red rectangle, 
as, for example, [(b)}, [©], or ((d)}. This feature also allows instructors who wish to limit 
their assignments of computer-based problems to benefit from the richness of these prob- 
lems without assigning their computer-based parts. Solutions to problems for which the 
number is highlighted (for example, [1.19]) are entirely computer based. 


What’s New 
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in the Sixth Edition 


Chapter-by-Chapter Content Changes In the previous edition, Chapter I Introduction 
was modified to emphasize the relevance of heat transfer in various contemporary applica- 
tions. Responding to today’s challenges involving energy production and its environmental 
impact, an expanded discussion of the efficiency of energy conversion and the production of 
greenhouse gases has been added. Chapter 1 has also been modified to embellish the com- 
plementary nature of heat transfer and thermodynamics. The existing treatment of the first 
law of thermodynamics is augmented with a new section on the relationship between heat 
transfer and the second law of thermodynamics as well as the efficiency of heat engines. 
Indeed, the influence of heat transfer on the efficiency of energy conversion is a recurring 
theme throughout this edition. 

The coverage of micro- and nanoscale effects in Chapter 2 Introduction to Conduction has 
been updated, reflecting recent advances. For example, the description of the thermophysical 
properties of composite materials is enhanced, with a new discussion of nanofluids. Chapter 3 
One-Dimensional, Steady-State Conduction has undergone extensive revision and includes 
new material on conduction in porous media, thermoelectric power generation, and micro- as 
well as nanoscale systems. Inclusion of these new topics follows recent fundamental discover- 
ies and is presented through the use of the thermal resistance network concept. Hence the 
power and utility of the resistance network approach is further emphasized in this edition. 

Chapter 4 Two-Dimensional, Steady-State Conduction has been reduced in length. 
Today, systems of linear, algebraic equations are readily solved using standard computer 
software or even handheld calculators. Hence the focus of the shortened chapter is on the 
application of heat transfer principles to derive the systems of algebraic equations to be 
solved and on the discussion and interpretation of results. The discussion of Gauss—Seidel 
iteration has been moved to an appendix for instructors wishing to cover that material. 

Chapter 5 Transient Conduction was substantially modified in the previous edition 
and has been augmented in this edition with a streamlined presentation of the lumped- 
capacitance method. 

Chapter 6 Introduction to Convection includes clarification of how temperature-dependent 
properties should be evaluated when calculating the convection heat transfer coefficient. The 
fundamental aspects of compressible flow are introduced to provide the reader with guidelines 
regarding the limits of applicability of the treatment of convection in the text. 

Chapter 7 External Flow has been updated and reduced in length. Specifically, presen- 
tation of the similarity solution for flow over a flat plate has been simplified. New results 
for flow over noncircular cylinders have been added, replacing the correlations of previous 
editions. The discussion of flow across banks of tubes has been shortened, eliminating 
redundancy without sacrificing content. 

Chapter § Internal Flow entry length correlations have been updated, and the discus- 
sion of micro- and nanoscale convection has been modified and linked to the content of 
Chapter 3. 

Changes to Chapter 9 Free Convection include a new correlation for free convection 
from flat plates, replacing a correlation from previous editions. The discussion of boundary 
layer effects has been modified. 

Aspects of condensation included in Chapter 10 Boiling and Condensation have been 
updated to incorporate recent advances in, for example, external condensation on finned 
tubes. The effects of surface tension and the presence of noncondensable gases in modifying 
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condensation phenomena and heat transfer rates are elucidated. The coverage of forced con- 
vection condensation and related enhancement techniques has been expanded, again reflecting 
advances reported in the recent literature. 

The content of Chapter 11 Heat Exchangers is experiencing a resurgence in interest 
due to the critical role such devices play in conventional and alternative energy generation 
technologies. A new section illustrates the applicability of heat exchanger analysis to heat 
sink design and materials processing. Much of the coverage of compact heat exchangers 
included in the previous edition was limited to a specific heat exchanger. Although general 
coverage of compact heat exchangers has been retained, the discussion that is limited to the 
specific heat exchanger has been relegated to supplemental material, where it is available to 
instructors who wish to cover this topic in greater depth. 

The concepts of emissive power, irradiation, radiosity, and net radiative flux are now 
introduced early in Chapter 12 Radiation: Processes and Properties, allowing early assign- 
ment of end-of-chapter problems dealing with surface energy balances and properties, as 
well as radiation detection. The coverage of environmental radiation has undergone sub- 
stantial revision, with the inclusion of separate discussions of solar radiation, the atmos- 
pheric radiation balance, and terrestrial solar irradiation. Concern for the potential impact 
of anthropogenic activity on the temperature of the earth is addressed and related to the 
concepts of the chapter. 

Much of the modification to Chapter 13 Radiation Exchange Between Surfaces empha- 
sizes the difference between geometrical surfaces and radiative surfaces, a key concept that 
is often difficult for students to appreciate. Increased coverage of radiation exchange 
between multiple blackbody surfaces, included in older editions of the text, has been 
returned to Chapter 13. In doing so, radiation exchange between differentially small sur- 
faces is briefly introduced and used to illustrate the limitations of the analysis techniques 
included in Chapter 13. 


Problem Sets Approximately 225 new end-of-chapter problems have been developed for 
this edition. An effort has been made to include new problems that (a) are amenable to 
short solutions or (b) involve finite-difference solutions. A significant number of solutions 
to existing end-of-chapter problems have been modified due to the inclusion of the new 
convection correlations in this edition. 


Classroom Coverage 


The content of the text has evolved over many years in response to a variety of factors. 
Some factors are obvious, such as the development of powerful, yet inexpensive calculators 
and software. There is also the need to be sensitive to the diversity of users of the text, both 
in terms of (a) the broad background and research interests of instructors and (b) the wide 
range of missions associated with the departments and institutions at which the text is used. 
Regardless of these and other factors, it is important that the four previously identified 
learning objectives be achieved. 

Mindful of the broad diversity of users, the authors’ intent is not to assemble a text whose 
content is to be covered, in entirety, during a single semester- or quarter-long course. Rather, 
the text includes both (a) fundamental material that we believe must be covered and 
(b) optional material that instructors can use to address specific interests or that can be 


Preface Vii 


covered in a second, intermediate heat transfer course. To assist instructors in preparing a 
syllabus for a first course in heat transfer, we have several recommendations. 

Chapter I Introduction sets the stage for any course in heat transfer. It explains the 
linkage between heat transfer and thermodynamics, and it reveals the relevance and rich- 
ness of the subject. It should be covered in its entirety. Much of the content of Chapter 2 
Introduction to Conduction is critical in a first course, especially Section 2.1 The Conduc- 
tion Rate Equation, Section 2.3 The Heat Diffusion Equation, and Section 2.4 Boundary 
and Initial Conditions. It is recommended that Chapter 2 be covered in its entirety. 

Chapter 3 One-Dimensional, Steady-State Conduction includes a substantial amount of 
optional material from which instructors can pick-and-choose or defer to a subsequent, 
intermediate heat transfer course. The optional material includes Section 3.1.5 Porous 
Media, Section 3.7 The Bioheat Equation, Section 3.8 Thermoelectric Power Generation, 
and Section 3.9 Micro- and Nanoscale Conduction. Because the content of these sections is 
not interlinked, instructors may elect to cover any or all of the optional material. 

The content of Chapter 4 Two-Dimensional, Steady-State Conduction is important 
because both (a) fundamental concepts and (b) powerful and practical solution techniques 
are presented. We recommend that all of Chapter 4 be covered in any introductory heat 
transfer course. 

The optional material in Chapter 5 Transient Conduction is Section 5.9 Periodic Heat- 
ing. Also, some instructors do not feel compelled to cover Section 5.10 Finite-Difference 
Methods in an introductory course, especially if time is short. 

The content of Chapter 6 Introduction to Convection is often difficult for students to 
absorb. However, Chapter 6 introduces fundamental concepts and lays the foundation for 
the subsequent convection chapters. It is recommended that all of Chapter 6 be covered in 
an introductory course. 

Chapter 7 External Flow introduces several important concepts and presents convec- 
tion correlations that students will utilize throughout the remainder of the text and in subse- 
quent professional practice. Sections 7.1 through 7.5 should be included in any first course 
in heat transfer. However, the content of Section 7.6 Flow Across Banks of Tubes, Section 
7.7 Impinging Jets, and Section 7.8 Packed Beds is optional. Since the content of these sec- 
tions is not interlinked, instructors may select from any of the optional topics. 

Likewise, Chapter 8 Internal Flow includes matter that is used throughout the remain- 
der of the text and by practicing engineers. However, Section 8.7 Heat Transfer Enhance- 
ment, and Section 8.8 Flow in Small Channels may be viewed as optional. 

Buoyancy-induced flow and heat transfer is covered in Chapter 9 Free Convection. 
Because free convection thermal resistances are typically large, they are often the dominant 
resistance in many thermal systems and govern overall heat transfer rates. Therefore, most 
of Chapter 9 should be covered in a first course in heat transfer. Optional material includes 
Section 9.7 Free Convection Within Parallel Plate Channels and Section 9.9 Combined 
Free and Forced Convection. In contrast to resistances associated with free convection, 
thermal resistances corresponding to liquid-vapor phase change are typically small, and 
they can sometimes be neglected. Nonetheless, the content of Chapter 10 Boiling and Con- 
densation that should be covered in a first heat transfer course includes Sections 10.1 
through 10.4, Sections 10.6 through 10.8, and Section 10.11. Section 10.5 Forced Convec- 
tion Boiling may be material appropriate for an intermediate heat transfer course. Similarly, 
Section 10.9 Film Condensation on Radial Systems and Section 10.10 Condensation in 
Horizontal Tubes may be either covered as time permits or included in a subsequent heat 
transfer course. 
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We recommend that all of Chapter 11 Heat Exchangers be covered in a first heat trans- 
fer course. 

A distinguishing feature of the text, from its inception, is the in-depth coverage of radi- 
ation heat transfer in Chapter 12 Radiation: Processes and Properties. The content of the 
chapter is perhaps more relevant today than ever, with applications ranging from advanced 
manufacturing, to radiation detection and monitoring, to environmental issues related to 
global climate change. Although Chapter 12 has been reorganized to accommodate instruc- 
tors who may wish to skip ahead to Chapter 13 after Section 12.4, we encourage instructors 
to cover Chapter 12 in its entirety. 

Chapter 13 Radiation Exchange Between Surfaces may be covered as time permits or 
in an intermediate heat transfer course. 
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Supplemental and Web Site Material 
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The companion web site for the texts is www.wiley.com/college/bergman. By selecting one 
of the two texts and clicking on the “student companion site” link, students may access the 
Answers to Selected Exercises and the Supplemental Sections of the text. Supplemental 
Sections are identified throughout the text with the icon shown in the margin to the left. 

Material available for instructors only may also be found by selecting one of the two 
texts at www.wiley.com/college/bergman and clicking on the “instructor companion site” 
link. The available content includes the Solutions Manual, PowerPoint Slides that can be 
used by instructors for lectures, and Electronic Versions of figures from the text for those 
wishing to prepare their own materials for electronic classroom presentation. The Instructor 
Solutions Manual is copyrighted material for use only by instructors who are requiring the 
text for their course.' 

Interactive Heat Transfer 4.0/FEHT is available either with the text or as a separate 
purchase. As described by the authors in the Approach and Organization, this simple-to-use 
software tool provides modeling and computational features useful in solving many problems 
in the text, and it enables rapid what-if and exploratory analysis of many types of problems. 
Instructors interested in using this tool in their course can download the software from the 
book’s web site at www.wiley.com/college/bergman. Students can download the software by 
registering on the student companion site; for details, see the registration card provided in 
this book. The software is also available as a stand-alone purchase at the web site. Any 
questions can be directed to your local Wiley representative. 
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© This mouse icon identifies Supplemental Sections and is used throughout the text. 


‘Excerpts from the Solutions Manual may be reproduced by instructors for distribution on a not-for-profit basis 
for testing or instructional purposes only to students enrolled in courses for which the textbook has been adopted. 
Any other reproduction or translation of the contents of the Solutions Manual beyond that permitted by Sections 
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Fo 
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area, m” 

area of prime (unfinned) surface, m? 

cross-sectional area, m? 

fin profile area, m? 

nozzle area ratio 
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surface roughness, m 
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wavelength band; view factor 
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gravitational acceleration, m/s? 
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convection heat transfer coefficient, W/m”: K; 
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modified heat of vaporization, J/kg 

latent heat of fusion, J/kg 
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electric current, A; radiation intensity, W/m? sr 

electric current density, A/m?; enthalpy per unit 
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length, m 
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rate of increase of mass stored within a 
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2 Chapter 1 = Introduction 


F rom the study of thermodynamics, you have learned that energy can be transferred by 
interactions of a system with its surroundings. These interactions are called work and heat. 
However, thermodynamics deals with the end states of the process during which an interac- 
tion occurs and provides no information concerning the nature of the interaction or the time 
rate at which it occurs. The objective of this text is to extend thermodynamic analysis 
through the study of the modes of heat transfer and through the development of relations to 
calculate heat transfer rates. 

In this chapter we lay the foundation for much of the material treated in the text. We do 
so by raising several questions: What is heat transfer? How is heat transferred? Why is it 
important? One objective is to develop an appreciation for the fundamental concepts and 
principles that underlie heat transfer processes. A second objective is to illustrate the manner 
in which a knowledge of heat transfer may be used with the first law of thermodynamics 
(conservation of energy) to solve problems relevant to technology and society. 


1.1 What and How? 


A simple, yet general, definition provides sufficient response to the question: What is heat 
transfer? 


Heat transfer (or heat) is thermal energy in transit due to a spatial temperature difference. 


Whenever a temperature difference exists in a medium or between media, heat transfer 
must occur. 

As shown in Figure 1.1, we refer to different types of heat transfer processes as modes. 
When a temperature gradient exists in a stationary medium, which may be a solid or a fluid, 
we use the term conduction to refer to the heat transfer that will occur across the medium. 
In contrast, the term convection refers to heat transfer that will occur between a surface and 
a moving fluid when they are at different temperatures. The third mode of heat transfer is 
termed thermal radiation. All surfaces of finite temperature emit energy in the form of 
electromagnetic waves. Hence, in the absence of an intervening medium, there is net heat 
transfer by radiation between two surfaces at different temperatures. 


Conduction through a solid Convection from a surface Net radiation heat exchange 
or a stationary fluid to a moving fluid between two surfaces 
T, >T. T,>T. 
T; Be tT; a a Surface, T, 
Moving fluid, 7_, 
— 
q" —. q" 


FicurE 1.1 Conduction, convection, and radiation heat transfer modes. 


1.2 = Physical Origins and Rate Equations 3 


1.2 Physical Origins and Rate Equations 


As engineers, it is important that we understand the physical mechanisms which underlie 
the heat transfer modes and that we be able to use the rate equations that quantify the 
amount of energy being transferred per unit time. 


1.2.1 Conduction 


At mention of the word conduction, we should immediately conjure up concepts of atomic 
and molecular activity because processes at these levels sustain this mode of heat transfer. 
Conduction may be viewed as the transfer of energy from the more energetic to the less 
energetic particles of a substance due to interactions between the particles. 

The physical mechanism of conduction is most easily explained by considering a gas and 
using ideas familiar from your thermodynamics background. Consider a gas in which a tem- 
perature gradient exists, and assume that there is no bulk, or macroscopic, motion. The gas 
may occupy the space between two surfaces that are maintained at different temperatures, as 
shown in Figure 1.2. We associate the temperature at any point with the energy of gas mole- 
cules in proximity to the point. This energy is related to the random translational motion, as 
well as to the internal rotational and vibrational motions, of the molecules. 

Higher temperatures are associated with higher molecular energies. When neighboring 
molecules collide, as they are constantly doing, a transfer of energy from the more energetic 
to the less energetic molecules must occur. In the presence of a temperature gradient, energy 
transfer by conduction must then occur in the direction of decreasing temperature. This would 
be true even in the absence of collisions, as is evident from Figure 1.2. The hypothetical plane 
at x, is constantly being crossed by molecules from above and below due to their random 
motion. However, molecules from above are associated with a higher temperature than those 
from below, in which case there must be a nef transfer of energy in the positive x-direction. 
Collisions between molecules enhance this energy transfer. We may speak of the net transfer 
of energy by random molecular motion as a diffusion of energy. 

The situation is much the same in liquids, although the molecules are more closely 
spaced and the molecular interactions are stronger and more frequent. Similarly, in a solid, 
conduction may be attributed to atomic activity in the form of lattice vibrations. The modern 


T, > T> 


T, 


FicurE 1.2 Association of conduction heat transfer with diffusion of energy due to molecular 
activity. 


Chapter 1 = Introduction 


” 
qq. — 


, FicurE 1.3 One-dimensional heat transfer by conduction 
ca ai (diffusion of energy). 


view is to ascribe the energy transfer to lattice waves induced by atomic motion. In an electri- 
cal nonconductor, the energy transfer is exclusively via these lattice waves; in a conductor, it 
is also due to the translational motion of the free electrons. We treat the important properties 
associated with conduction phenomena in Chapter 2 and in Appendix A. 

Examples of conduction heat transfer are legion. The exposed end of a metal spoon 
suddenly immersed in a cup of hot coffee is eventually warmed due to the conduction of 
energy through the spoon. On a winter day, there is significant energy loss from a heated 
room to the outside air. This loss is principally due to conduction heat transfer through the 
wall that separates the room air from the outside air. 

Heat transfer processes can be quantified in terms of appropriate rate equations. These 
equations may be used to compute the amount of energy being transferred per unit time. 
For heat conduction, the rate equation is known as Fourier’s law. For the one-dimensional 
plane wall shown in Figure 1.3, having a temperature distribution 7(x), the rate equation is 
expressed as 


aT 
dx 


The heat flux q, (W/m7”) is the heat transfer rate in the x-direction per unit area perpendic- 
ular to the direction of transfer, and it is proportional to the temperature gradient, dT/dx, 
in this direction. The parameter k is a transport property known as the thermal conductiv- 
ity (W/m: K) and is a characteristic of the wall material. The minus sign is a consequence 
of the fact that heat is transferred in the direction of decreasing temperature. Under the 
steady-state conditions shown in Figure 1.3, where the temperature distribution is linear, 
the temperature gradient may be expressed as 


q,= & (1.1) 


dx L 
and the heat flux is then 
T,—T, 
” = k 
qx i 
or 
hak AT 
"= fk ———= = k — ile) 
a L L (1.2) 


Note that this equation provides a heat flux, that is, the rate of heat transfer per unit area. 
The heat rate by conduction, g,(W), through a plane wall of area A is then the product 
of the flux and the area, q, = q- A. 
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(Hy *| ExamMpce 1.1 
[ae eae 
The wall of an industrial furnace is constructed from 0.15-m-thick fireclay brick having a 
thermal conductivity of 1.7 W/m-K. Measurements made during steady-state operation 
reveal temperatures of 1400 and 1150 K at the inner and outer surfaces, respectively. What 
is the rate of heat loss through a wall that is 0.5 m X 1.2 mona side? 


SOLUTION 


Known: Steady-state conditions with prescribed wall thickness, area, thermal conductiv- 
ity, and surface temperatures. 


Find: Wall heat loss. 


Schematic: 


k= 1.7 Wim-k 
T, = 1400 k a T, = 1150k 


Wall area, A 


Assumptions: 
1. Steady-state conditions. 
2. One-dimensional conduction through the wall. 
3. Constant thermal conductivity. 


Analysis: Since heat transfer through the wall is by conduction, the heat flux may be 
determined from Fourier’s law. Using Equation 1.2, we have 


” AT 250 K 
=k2=17W/m-K xX 
qe 1.7 W/m + K 0.15 


The heat flux represents the rate of heat transfer through a section of unit area, and it is uni- 
form (invariant) across the surface of the wall. The heat loss through the wall of area 
A =H X Wis then 


g, = (HW) q" = (0.5 m X 1.2 m) 2833 W/m? =1700 W <J 


= 2833 W/m? 


Comments: Note the direction of heat flow and the distinction between heat flux and 
heat rate. 


*This icon identifies examples that are available in tutorial form in the /nteractive Heat Transfer (IHT) software that 
accompanies the text. Each tutorial is brief and illustrates a basic function of the software. JHT can be used to solve 
simultaneous equations, perform parameter sensitivity studies, and graph the results. Use of JHT will reduce the time 
spent solving more complex end-of-chapter problems. 
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1.2.2 Convection 


The convection heat transfer mode is comprised of two mechanisms. In addition to energy 
transfer due to random molecular motion (diffusion), energy is also transferred by the bulk, or 
macroscopic, motion of the fluid. This fluid motion is associated with the fact that, at any 
instant, large numbers of molecules are moving collectively or as aggregates. Such motion, in 
the presence of a temperature gradient, contributes to heat transfer. Because the molecules 
in the aggregate retain their random motion, the total heat transfer is then due to a superpo- 
sition of energy transport by the random motion of the molecules and by the bulk motion of 
the fluid. The term convection is customarily used when referring to this cumulative trans- 
port, and the term advection refers to transport due to bulk fluid motion. 

We are especially interested in convection heat transfer, which occurs between a fluid 
in motion and a bounding surface when the two are at different temperatures. Consider 
fluid flow over the heated surface of Figure 1.4. A consequence of the fluid—surface interac- 
tion is the development of a region in the fluid through which the velocity varies from zero 
at the surface to a finite value w., associated with the flow. This region of the fluid is known 
as the hydrodynamic, or velocity, boundary layer. Moreover, if the surface and flow tem- 
peratures differ, there will be a region of the fluid through which the temperature varies 
from 7, at y= 0 to T,, in the outer flow. This region, called the thermal boundary layer, 
may be smaller, larger, or the same size as that through which the velocity varies. In any 
case, if T, > T,,, convection heat transfer will occur from the surface to the outer flow. 

The convection heat transfer mode is sustained both by random molecular motion and 
by the bulk motion of the fluid within the boundary layer. The contribution due to random 
molecular motion (diffusion) dominates near the surface where the fluid velocity is low. In 
fact, at the interface between the surface and the fluid (y = 0), the fluid velocity is zero, and 
heat is transferred by this mechanism only. The contribution due to bulk fluid motion origi- 
nates from the fact that the boundary layer grows as the flow progresses in the x-direction. 
In effect, the heat that is conducted into this layer is swept downstream and is eventually 
transferred to the fluid outside the boundary layer. Appreciation of boundary layer phenom- 
ena is essential to understanding convection heat transfer. For this reason, the discipline of 
fluid mechanics will play a vital role in our later analysis of convection. 

Convection heat transfer may be classified according to the nature of the flow. We speak 
of forced convection when the flow is caused by external means, such as by a fan, a pump, or 
atmospheric winds. As an example, consider the use of a fan to provide forced convection 
air cooling of hot electrical components on a stack of printed circuit boards (Figure 1.5a). In 
contrast, for free (or natural) convection, the flow is induced by buoyancy forces, which are 
due to density differences caused by temperature variations in the fluid. An example is the 
free convection heat transfer that occurs from hot components on a vertical array of circuit 


Velocity 
distribution 
u(y) 


Temperature 
distribution 
T(y) 


>u(y) Heated > Ty) Ficure 1.4 Boundary layer development in 
surface convection heat transfer. 
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boards in air (Figure 1.5b). Air that makes contact with the components experiences an 
increase in temperature and hence a reduction in density. Since it is now lighter than the sur- 
rounding air, buoyancy forces induce a vertical motion for which warm air ascending from 
the boards is replaced by an inflow of cooler ambient air. 

While we have presumed pure forced convection in Figure 1.5a and pure natural con- 
vection in Figure 1.5b, conditions corresponding to mixed (combined) forced and natural 
convection may exist. For example, if velocities associated with the flow of Figure 1.5a are 
small and/or buoyancy forces are large, a secondary flow that is comparable to the imposed 
forced flow could be induced. In this case, the buoyancy-induced flow would be normal to 
the forced flow and could have a significant effect on convection heat transfer from the 
components. In Figure 1.55, mixed convection would result if a fan were used to force air 
upward between the circuit boards, thereby assisting the buoyancy flow, or downward, 
thereby opposing the buoyancy flow. 

We have described the convection heat transfer mode as energy transfer occurring 
within a fluid due to the combined effects of conduction and bulk fluid motion. Typically, 
the energy that is being transferred is the sensible, or internal thermal, energy of the fluid. 
However, for some convection processes, there is, in addition, /atent heat exchange. This 
latent heat exchange is generally associated with a phase change between the liquid and 
vapor states of the fluid. Two special cases of interest in this text are boiling and condensa- 
tion. For example, convection heat transfer results from fluid motion induced by vapor bub- 
bles generated at the bottom of a pan of boiling water (Figure 1.5c) or by the condensation 
of water vapor on the outer surface of a cold water pipe (Figure 1.5d). 


Buoyancy-driven 
flow 
q’ 
flow Air i t—— Hot components ——— i] 
on printed 
—~" BREG | circuit boards 


ae ae BREESE 


—- 
== BERERESE 


Vapor 
bubbles 


(c) (d) 


Figure 1.5 Convection heat transfer processes. (a) Forced convection. (b) Natural 
convection. (c) Boiling. (¢) Condensation. 


Chapter 1 = Introduction 


TABLE 1.1 Typical values of the 
convection heat transfer coefficient 


h 

Process (W/m? - K) 
Free convection 

Gases 2-25 

Liquids 50-1000 
Forced convection 

Gases 25-250 

Liquids 100-—20,000 
Convection with phase change 

Boiling or condensation 2500-100,000 


Regardless of the nature of the convection heat transfer process, the appropriate rate 
equation is of the form 


Gav = i Deeds) (1.3a) 


where q", the convective heat flux (W/m°), is proportional to the difference between the sur- 
face and fluid temperatures, T, and T.,, respectively. This expression is known as Newton’s 
law of cooling, and the parameter h (W/m?: K) is termed the convection heat transfer coeffi- 
cient. This coefficient depends on conditions in the boundary layer, which are influenced by 
surface geometry, the nature of the fluid motion, and an assortment of fluid thermodynamic 
and transport properties. 

Any study of convection ultimately reduces to a study of the means by which h may be 
determined. Although consideration of these means is deferred to Chapter 6, convection 
heat transfer will frequently appear as a boundary condition in the solution of conduction 
problems (Chapters 2 through 5). In the solution of such problems we presume h to be 
known, using typical values given in Table 1.1. 

When Equation 1.3a is used, the convection heat flux is presumed to be positive if heat 
is transferred from the surface (T, > T.,) and negative if heat is transferred to the surface 
(T., > T,). However, nothing precludes us from expressing Newton’s law of cooling as 


q =hT a T,) (1.3b) 


in which case heat transfer is positive if it is to the surface. 


1.2.3 Radiation 


Thermal radiation is energy emitted by matter that is at a nonzero temperature. Although 
we will focus on radiation from solid surfaces, emission may also occur from liquids and 
gases. Regardless of the form of matter, the emission may be attributed to changes in the 
electron configurations of the constituent atoms or molecules. The energy of the radiation 
field is transported by electromagnetic waves (or alternatively, photons). While the transfer 
of energy by conduction or convection requires the presence of a material medium, radia- 
tion does not. In fact, radiation transfer occurs most efficiently in a vacuum. 

Consider radiation transfer processes for the surface of Figure 1.6a. Radiation that is 
emitted by the surface originates from the thermal energy of matter bounded by the surface, 
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and the rate at which energy is released per unit area (W/m”) is termed the surface emissive 
power, E. There is an upper limit to the emissive power, which is prescribed by the 
Stefan—Boltzmann law 


E, =oT! (1.4) 


where 7, is the absolute temperature (K) of the surface and o is the Stefan— 
Boltzmann constant (0 = 5.67 X 10-8 W/m? « K*). Such a surface is called an ideal radiator 
or blackbody. 

The heat flux emitted by a real surface is less than that of a blackbody at the same tem- 
perature and is given by 


E=eoT! (1.5) 


where ¢ is a radiative property of the surface termed the emissivity. With values in the 
range 0 = € = 1, this property provides a measure of how efficiently a surface emits energy 
relative to a blackbody. It depends strongly on the surface material and finish, and repre- 
sentative values are provided in Appendix A. 

Radiation may also be incident on a surface from its surroundings. The radiation may 
originate from a special source, such as the sun, or from other surfaces to which the surface 
of interest is exposed. Irrespective of the source(s), we designate the rate at which all such 
radiation is incident on a unit area of the surface as the irradiation G (Figure 1.6a). 

A portion, or all, of the irradiation may be absorbed by the surface, thereby increasing 
the thermal energy of the material. The rate at which radiant energy is absorbed per unit 
surface area may be evaluated from knowledge of a surface radiative property termed the 
absorptivity a. That is, 


Gu, = 0G (1.6) 


where 0=a=1. If a<1 and the surface is opaque, portions of the irradiation are 
reflected. If the surface is semitransparent, portions of the irradiation may also be transmitted. 
However, whereas absorbed and emitted radiation increase and reduce, respectively, the 
thermal energy of matter, reflected and transmitted radiation have no effect on this energy. 
Note that the value of a depends on the nature of the irradiation, as well as on the surface 
itself. For example, the absorptivity of a surface to solar radiation may differ from its 
absorptivity to radiation emitted by the walls of a furnace. 


Gas 
Tin 
& “ . Surroundings , , 
cy Fy [i= at Tour tea\ / conv 
Surface of emissivity Surface of emissivity Lola lot 
e, absorptivity a, and € =a, area A, and 
temperature 7, temperature 7, 
(a) (b) 


FicurE 1.6 Radiation exchange: (a) at a surface and (b) between a surface and large 
surroundings. 
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In many engineering problems (a notable exception being problems involving solar radia- 
tion or radiation from other very high temperature sources), liquids can be considered opaque 
to radiation heat transfer, and gases can be considered transparent to it. Solids can be opaque 
(as is the case for metals) or semitransparent (as is the case for thin sheets of some polymers 
and some semiconducting materials). 

A special case that occurs frequently involves radiation exchange between a small sur- 
face at T, and a much larger, isothermal surface that completely surrounds the smaller one 
(Figure 1.6b). The surroundings could, for example, be the walls of a room or a furnace 
whose temperature T,,,. differs from that of an enclosed surface (T,,, # T,). We will show in 
Chapter 12 that, for such a condition, the irradiation may be approximated by emission from 
a blackbody at T,,,, in which case G = o T4,,. If the surface is assumed to be one for which 
a = € (a gray surface), the net rate of radiation heat transfer from the surface, expressed per 
unit area of the surface, is 


dea = 4 = oT) — aG = 20(T! — Toy) (1.7) 


This expression provides the difference between thermal energy that is released due to radi- 
ation emission and that gained due to radiation absorption. 

For many applications, it is convenient to express the net radiation heat exchange in 
the form 


Grad ACT, = Ta) (1.8) 
where, from Equation 1.7, the radiation heat transfer coefficient h,. is 
h=200, & Teds Teo (1.9) 


Here we have modeled the radiation mode in a manner similar to convection. In this sense we 
have linearized the radiation rate equation, making the heat rate proportional to a temperature 
difference rather than to the difference between two temperatures to the fourth power. 
Note, however, that h, depends strongly on temperature, whereas the temperature depen- 
dence of the convection heat transfer coefficient h is generally weak. 

The surfaces of Figure 1.6 may also simultaneously transfer heat by convection to 
an adjoining gas. For the conditions of Figure 1.6), the total rate of heat transfer from the 
surface is then 


qd = conv Bs Grad = hA(T, ~~ Tx) tr eAo(T, ~ ae (1.10) 


EXAMPLE 1.2 


An uninsulated steam pipe passes through a room in which the air and walls are at 25°C. 
The outside diameter of the pipe is 70 mm, and its surface temperature and emissivity are 
200°C and 0.8, respectively. What are the surface emissive power and irradiation? If the 
coefficient associated with free convection heat transfer from the surface to the air is 
15 W/m? K, what is the rate of heat loss from the surface per unit length of pipe? 


SOLUTION 


Known: Uninsulated pipe of prescribed diameter, emissivity, and surface temperature in 
a room with fixed wall and air temperatures. 
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Find: 
1. Surface emissive power and irradiation. 


2. Pipe heat loss per unit length, q’. 


Schematic: 
Air a 
1.2290. 
h= 15 Wim*K 
a 
D=70mm 
Assumptions: 


1. Steady-state conditions. 


2. Radiation exchange between the pipe and the room is between a small surface and a 
much larger enclosure. 


3. The surface emissivity and absorptivity are equal. 


Analysis: 


1. The surface emissive power may be evaluated from Equation 1.5, while the irradiation 
corresponds to G = oT. Hence 


E = coT! = 0.8(5.67 X 10 ® W/m? - K*)(473 K)* = 2270 W/m? <J 
G=oTi, = 5.67 X 10 8 W/m? - K4 (298 K)* = 447 W/m? <J 


2. Heat loss from the pipe is by convection to the room air and by radiation exchange 
with the walls. Hence, g = doony + Graq and from Equation 1.10, with A = 7DL, 


q = h(mDL\(T, — Tx.) + e(@DL)o(TS — Tox) 
The heat loss per unit length of pipe is then 


q' = = 15 W/m?: K(z X 0.07 m)(200 — 25)°C 


+ 0.8(a X 0.07 m) 5.67 X 107° W/m? - K* (473* — 298%) K4 
q' = 577 Wim + 421 W/m = 998 W/m <J 


Comments: 
1. Note that temperature may be expressed in units of °C or K when evaluating the tempera- 
ture difference for a convection (or conduction) heat transfer rate. However, temperature 
must be expressed in kelvins (K) when evaluating a radiation transfer rate. 
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2. The net rate of radiation heat transfer from the pipe may be expressed as 


Fraa = TD (E — @G) 
Qiaa = 7 X 0.07 m (2270 — 0.8 X 447) Wim? = 421 W/m 


3. In this situation, the radiation and convection heat transfer rates are comparable because 
T, is large compared to T,,, and the coefficient associated with free convection is small. 
For more moderate values of T, and the larger values of h associated with forced con- 
vection, the effect of radiation may often be neglected. The radiation heat transfer coef- 
ficient may be computed from Equation 1.9. For the conditions of this problem, its 
value is h, = 11 W/m?- K. 


1.2.4 The Thermal Resistance Concept 


The three modes of heat transfer were introduced in the preceding sections. As is evident 
from Equations 1.2, 1.3, and 1.8, the heat transfer rate can be expressed in the form 


AT 
= A= —— 1.11 
qq R, (iD) 


where AT is a relevant temperature difference and A is the area normal to the direction of heat 
transfer. The quantity R, is called a thermal resistance and takes different forms for the three 
different modes of heat transfer. For example, Equation 1.2 may be multiplied by the area A 
and rewritten as g, = AT/R,., where R,. = L/kA is a thermal resistance associated with con- 
duction, having the units K/W. The thermal resistance concept will be considered in detail in 
Chapter 3 and will be seen to have great utility in solving complex heat transfer problems. 


1.3 Relationship to Thermodynamics 


The subjects of heat transfer and thermodynamics are highly complementary and interre- 
lated, but they also have fundamental differences. If you have taken a thermodynamics 
course, you are aware that heat exchange plays a vital role in the first and second laws of 
thermodynamics because it is one of the primary mechanisms for energy transfer between a 
system and its surroundings. While thermodynamics may be used to determine the amount 
of energy required in the form of heat for a system to pass from one state to another, it con- 
siders neither the mechanisms that provide for heat exchange nor the methods that exist for 
computing the rate of heat exchange. The discipline of heat transfer specifically seeks to 
quantify the rate at which heat is exchanged through the rate equations expressed, for 
example, by Equations 1.2, 1.3, and 1.7. Indeed, heat transfer principles often enable the 
engineer to implement the concepts of thermodynamics. For example, the actual size of a 
power plant to be constructed cannot be determined from thermodynamics alone; the prin- 
ciples of heat transfer must also be invoked at the design stage. 

The remainder of this section considers the relationship of heat transfer to thermody- 
namics. Since the first law of thermodynamics (the law of conservation of energy) provides 
a useful, often essential, starting point for the solution of heat transfer problems, Section 
1.3.1 will provide a development of the general formulations of the first law. The ideal 
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(Carnot) efficiency of a heat engine, as determined by the second law of thermodynamics 
will be reviewed in Section 1.3.2. It will be shown that a realistic description of the heat 
transfer between a heat engine and its surroundings further limits the actual efficiency of a 
heat engine. 


1.3.1 Relationship to the First Law of Thermodynamics 
(Conservation of Energy) 


At its heart, the first law of thermodynamics is simply a statement that the total energy of a 
system is conserved, and therefore the only way that the amount of energy in a system can 
change is if energy crosses its boundaries. The first law also addresses the ways in which 
energy can cross the boundaries of a system. For a closed system (a region of fixed mass), 
there are only two ways: heat transfer through the boundaries and work done on or by the sys- 
tem. This leads to the following statement of the first law for a closed system, which is famil- 
iar if you have taken a course in thermodynamics: 


AE, =Q-W (1.12a) 


where AE;"" is the change in the total energy stored in the system, Q is the net heat transferred 
to the system, and W is the net work done by the system. This is schematically illustrated in 
Figure 1.7a. 

The first law can also be applied to a control volume (or open system), a region of space 
bounded by a control surface through which mass may pass. Mass entering and leaving the 
control volume carries energy with it; this process, termed energy advection, adds a third 
way in which energy can cross the boundaries of a control volume. To summarize, the first 
law of thermodynamics can be very simply stated as follows for both a control volume and a 
closed system. 


First Law of Thermodynamics over a Time Interval (Af) 


The increase in the amount of energy stored in a control volume must equal the amount of energy 
that enters the control volume, minus the amount of energy that leaves the control volume. 


In applying this principle, it is recognized that energy can enter and leave the control 
volume due to heat transfer through the boundaries, work done on or by the control volume, 
and energy advection. 

The first law of thermodynamics addresses total energy, which consists of kinetic and 
potential energies (together known as mechanical energy) and internal energy. Internal energy 
can be further subdivided into thermal energy (which will be defined more carefully later) 


= ---- 


a oo 
¢ Rs, 
! sate \ 
 —— 
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\ —r—-_ ¢ 
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Se = d 
ee 
(b) 


FicurEe 1.7 Conservation of energy: (a) for a closed system over a time interval 
and (6) for a control volume at an instant. 
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and other forms of internal energy, such as chemical and nuclear energy. For the study of heat 
transfer, we wish to focus attention on the thermal and mechanical forms of energy. We must 
recognize that the sum of thermal and mechanical energy is not conserved, because conversion 
can occur between other forms of energy and thermal or mechanical energy. For example, if a 
chemical reaction occurs that decreases the amount of chemical energy in the system, it will 
result in an increase in the thermal energy of the system. If an electric motor operates within 
the system, it will cause conversion from electrical to mechanical energy. We can think of such 
energy conversions as resulting in thermal or mechanical energy generation (which can be 
either positive or negative). So a statement of the first law that is well suited for heat transfer 
analysis is: 


Thermal and Mechanical Energy Equation over a Time Interval (A?) 


The increase in the amount of thermal and mechanical energy stored in the control volume must 
equal the amount of thermal and mechanical energy that enters the control volume, minus the 


amount of thermal and mechanical energy that leaves the control volume, plus the amount of ther- 
mal and mechanical energy that is generated within the control volume. 


This expression applies over a time interval At, and all the energy terms are measured in 
joules. Since the first law must be satisfied at each and every instant of time ft, we can also 
formulate the law on a rate basis. That is, at any instant, there must be a balance between all 
energy rates, as measured in joules per second (W). In words, this is expressed as follows: 


Thermal and Mechanical Energy Equation at an Instant (¢) 


The rate of increase of thermal and mechanical energy stored in the control volume must equal the 
rate at which thermal and mechanical energy enters the control volume, minus the rate at which 
thermal and mechanical energy leaves the control volume, plus the rate at which thermal and 
mechanical energy is generated within the control volume. 


If the inflow and generation of thermal and mechanical energy exceed the outflow, the amount 
of thermal and mechanical energy stored (accumulated) in the control volume must increase. If 
the converse is true, thermal and mechanical energy storage must decrease. If the inflow and 
generation equal the outflow, a steady-state condition must prevail such that there will be no 
change in the amount of thermal and mechanical energy stored in the control volume. 

We will now define symbols for each of the energy terms so that the boxed statements 
can be rewritten as equations. We let E stand for the sum of thermal and mechanical energy 
(in contrast to the symbol E" for total energy). Using the subscript st to denote energy stored 
in the control volume, the change in thermal and mechanical energy stored over the time 
interval Ar is then AE, The subscripts in and out refer to energy entering and leaving the 
control volume. Finally, thermal and mechanical energy generation is given the symbol E,. 
Thus, the first boxed statement can be written as: 


AE. = [Bia _ eae oF 1p. 


(1.12b) 


Next, using a dot over a term to indicate a rate, the second boxed statement becomes: 


E, = = Ey, — Ey t+ E (1.12c) 
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This expression is illustrated schematically in Figure 1.7b. 

Equations 1|.12b,c provide important and, in some cases, essential tools for solving heat 
transfer problems. Every application of the first law must begin with the identification of 
an appropriate control volume and its control surface, to which an analysis is subsequently 
applied. The first step is to indicate the control surface by drawing a dashed line. The second 
step is to decide whether to perform the analysis for a time interval At (Equation 1.12b) or 
on a rate basis (Equation 1.12c). This choice depends on the objective of the solution and on 
how information is given in the problem. The next step is to identify the energy terms that 
are relevant in the problem you are solving. To develop your confidence in taking this last 
step, the remainder of this section is devoted to clarifying the following energy terms: 


¢ Stored thermal and mechanical energy, Fy. 

* Thermal and mechanical energy generation, E,. 

¢ Thermal and mechanical energy transport across the control surfaces, that is, the inflow 
and outflow terms, £,, and E,,,. 


In the statement of the first law (Equation 1.12a), the total energy, E'", consists of kinetic 
energy (KE = “4mV*, where m and V are mass and velocity, respectively), potential energy 
(PE = mgz, where g is the gravitational acceleration and z is the vertical coordinate), and 
internal energy (U). Mechanical energy is defined as the sum of kinetic and potential energy. 
Most often in heat transfer problems, the changes in kinetic and potential energy are small 
and can be neglected. The internal energy consists of a sensible component, which accounts 
for the translational, rotational, and/or vibrational motion of the atoms/molecules comprising 
the matter; a latent component, which relates to intermolecular forces influencing phase 
change between solid, liquid, and vapor states; a chemical component, which accounts for 
energy stored in the chemical bonds between atoms; and a nuclear component, which 
accounts for the binding forces in the nucleus. 

For the study of heat transfer, we focus attention on the sensible and latent components 
of the internal energy (U,,,, and U,,, respectively), which are together referred to as ther- 
mal energy, U,. The sensible energy is the portion that we associate mainly with changes in 
temperature (although it can also depend on pressure). The latent energy is the component 
we associate with changes in phase. For example, if the material in the control volume 
changes from solid to liquid (melting) or from liquid to vapor (vaporization, evaporation, 
boiling), the latent energy increases. Conversely, if the phase change is from vapor to liquid 
(condensation) or from liquid to solid (solidification, freezing), the latent energy decreases. 
Obviously, if no phase change is occurring, there is no change in latent energy, and this 
term can be neglected. 

Based on this discussion, the stored thermal and mechanical energy is given by Ey = 
KE + PE + U,, where U, = Uen, + Uy. In many problems, the only relevant energy term 
will be the sensible energy, that is, E., = Usens. 

The energy generation term is associated with conversion from some other form of 
internal energy (chemical, electrical, electromagnetic, or nuclear) to thermal or mechanical 
energy. It is a volumetric phenomenon. That is, it occurs within the control volume and is 
generally proportional to the magnitude of this volume. For example, an exothermic chemi- 
cal reaction may be occurring, converting chemical energy to thermal energy. The net 
effect is an increase in the thermal energy of the matter within the control volume. Another 
source of thermal energy is the conversion from electrical energy that occurs due to resis- 
tance heating when an electric current is passed through a conductor. That is, if an electric 
current J passes through a resistance R in the control volume, electrical energy is dissipated 
at a rate ’R, which corresponds to the rate at which thermal energy is generated (released) 
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within the volume. In all applications of interest in this text, if chemical, electrical, or 
nuclear effects exist, they are treated as sources (or sinks, which correspond to negative 
sources) of thermal or mechanical energy and hence are included in the generation terms of 
Equations 1.12b,c. 

The inflow and outflow terms are surface phenomena. That is, they are associated 
exclusively with processes occurring at the control surface and are generally proportional to 
the surface area. As discussed previously, the energy inflow and outflow terms include heat 
transfer (which can be by conduction, convection, and/or radiation) and work interactions 
occurring at the system boundaries (e.g., due to displacement of a boundary, a rotating shaft, 
and/or electromagnetic effects). For cases in which mass crosses the control volume bound- 
ary (e.g., for situations involving fluid flow), the inflow and outflow terms also include 
energy (thermal and mechanical) that is advected (carried) by mass entering and leaving the 
control volume. For instance, if the mass flow rate entering through the boundary is m, then 
the rate at which thermal and mechanical energy enters with the flow is m (u, + AV? + gz), 
where u, is the thermal energy per unit mass. 

When the first law is applied to a control volume with fluid crossing its boundary, it is 
customary to divide the work term into two contributions. The first contribution, termed 
flow work, is associated with work done by pressure forces moving fluid through the 
boundary. For a unit mass, the amount of work is equivalent to the product of the pressure 
and the specific volume of the fluid (pv). The symbol W is traditionally used for the rate at 
which the remaining work (not including flow work) is perfomed. If operation is under 
steady-state conditions (dE,,/dt = 0) and if there is no thermal or mechanical energy gener- 
ation, Equation 1.12c reduces to the following form of the steady-flow energy equation (see 
Figure 1.8), which will be familiar if you have taken a thermodynamics course: 


nu, + pv + %V2 + 22), — mu, + pu + ¥V2 + gon t+ g-W=0 (1.12d) 


Terms within the parentheses are expressed for a unit mass of fluid at the inflow and out- 
flow locations. When multiplied by the mass flow rate m, they yield the rate at which the 
corresponding form of the energy (thermal, flow work, kinetic, and potential) enters or 
leaves the control volume. The sum of thermal energy and flow work per unit mass may be 
replaced by the enthalpy per unit mass, i = u, + pu. 

In most open system applications of interest in this text, changes in latent energy 
between the inflow and outflow conditions of Equation 1.12d may be neglected, so the 
thermal energy reduces to only the sensible component. If the fluid is approximated as an 
ideal gas with constant specific heats, the difference in enthalpies (per unit mass) between 
the inlet and outlet flows may then be expressed as (iin — fou) = Cp(Tin — Tou), Where c, is 


Zout FI —> (u, pu, V) 


out 


(u,, pv, V) i, —> 


in 


Reference height 


Ficure 1.8 Conservation of energy for a steady-flow, open system. 
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the specific heat at constant pressure and 7; and T,,, are the inlet and outlet temperatures, 
respectively. If the fluid is an incompressible liquid, its specific heats at constant pressure and 
volume are equal, c, = c, = c, and for Equation 1.12d the change in sensible energy (per unit 
mass) reduces to (yin — Uso) = C(Zin — Tou). Unless the pressure drop is extremely large, the 
difference in flow work terms, (pV), — (DU) 4 1s negligible for a liquid. 

Having already assumed steady-state conditions, no changes in latent energy, and no 
thermal or mechanical energy generation, there are at least four cases in which further 
assumptions can be made to reduce Equation 1.12d to the simplified steady-flow thermal 
energy equation: 


q= Me Dont ar ta) (1.12e) 


The right-hand side of Equation 1.12e represents the net rate of outflow of enthalpy (thermal 
energy plus flow work) for an ideal gas or of thermal energy for an incompressible liquid. 

The first two cases for which Equation 1.12e holds can readily be verified by examin- 
ing Equation 1.12d. They are: 


1. An ideal gas with negligible kinetic and potential energy changes and negligible work 
(other than flow work). 


2. An incompressible liquid with negligible kinetic and potential energy changes and neg- 
ligible work, including flow work. As noted in the preceding discussion, flow work is 
negligible for an incompressible liquid provided the pressure variation is not too great. 


The second pair of cases cannot be directly derived from Equation 1.12d but require further 
knowledge of how mechanical energy is converted into thermal energy. These cases are: 


3. An ideal gas with negligible viscous dissipation and negligible pressure variation. 


4. An incompressible liquid with negligible viscous dissipation. 


Viscous dissipation is the conversion from mechanical energy to thermal energy associated 
with viscous forces acting in a fluid. It is important only in cases involving high-speed flow 
and/or highly viscous fluid. Since so many engineering applications satisfy one or more of 
the preceding four conditions, Equation 1.12e is commonly used for the analysis of heat 
transfer in moving fluids. It will be used in Chapter 8 in the study of convection heat trans- 
fer in internal flow. 

The mass flow rate m of the fluid may be expressed as m = pVA,, where p is the fluid 
density and A, is the cross-sectional area of the channel through which the fluid flows. The 
volumetric flow rate is simply V = VA, = mip. 


EXAMPLE 1.3 

SESS 

The blades of a wind turbine turn a large shaft at a relatively slow speed. The rotational speed 
is increased by a gearbox that has an efficiency of 7,4, = 0.93. In turn, the gearbox output 
shaft drives an electric generator with an efficiency of 7... = 0.95. The cylindrical nacelle, 
which houses the gearbox, generator, and associated equipment, is of length L = 6 m and 
diameter D = 3 m. If the turbine produces P = 2.5 MW of electrical power, and the air and sur- 
roundings temperatures are T,, = 25°C and T,,, = 20°C, respectively, determine the minimum 


possible operating temperature inside the nacelle. The emissivity of the nacelle is e = 0.83, 
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and the convective heat transfer coefficient is h = 35 W/m*-K. The surface of the nacelle 
that is adjacent to the blade hub can be considered to be adiabatic, and solar irradiation may 
be neglected. 


Toyz = 20°C ] Pe 


h = 35 W/m2.K 


— + — 


Gestes xe 


— Generator, tigen = 0.95 


Gearbox, Neb = 0.93 


L— Hub Nacelle 


SOLUTION 


Known: Electrical power produced by a wind turbine. Gearbox and generator efficien- 
cies, dimensions and emissivity of the nacelle, ambient and surrounding temperatures, and 
heat transfer coefficient. 


Find: Minimum possible temperature inside the enclosed nacelle. 


Schematic: 


Assumptions: 
1. Steady-state conditions. 
2. Large surroundings. 
3. Surface of the nacelle that is adjacent to the hub is adiabatic. 
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Analysis: The nacelle temperature represents the minimum possible temperature inside 
the nacelle, and the first law of thermodynamics may be used to determine this tempera- 
ture. The first step is to perform an energy balance on the nacelle to determine the rate of 
heat transfer from the nacelle to the air and surroundings under steady-state conditions. 
This step can be accomplished using either conservation of total energy or conservation of 
thermal and mechanical energy; we will compare these two approaches. 


Conservation of Total Energy The first of the three boxed statements of the first law 
in Section 1.3 can be converted to a rate basis and expressed in equation form as follows: 
ge 
dt 


En Exe (1) 


Under steady-state conditions, this reduces to E'' — E' = 0. The E'' term corresponds to 
the mechanical work entering the nacelle W, and the E) term includes the electrical power 
output P and the rate of heat transfer leaving the nacelle g. Thus 


W-P-q=0 (2) 


Conservation of Thermal and Mechanical Energy Alternatively, we can express 
conservation of thermal and mechanical energy, starting with Equation 1.12c. Under 
steady-state conditions, this reduces to 


Ey, =< |e + Ey = 0 (3) 


Here, E,, once again corresponds to the mechanical work W. However, Eon now includes 
only the rate of heat transfer leaving the nacelle g. It does not include the electrical power, 
since EF represents only the thermal and mechanical forms of energy. The electrical power 
appears in the generation term, because mechanical energy is converted to electrical energy 
in the generator, giving rise to a negative source of mechanical energy. That is, E, = —P. 
Thus, Equation (3) becomes 


W-q-P=0 (4) 


which is equivalent to Equation (2), as it must be. Regardless of the manner in which the 
first law of thermodynamics is applied, the following expression for the rate of heat transfer 
evolves: 


q=W-P (5) 


The mechanical work and electrical power are related by the efficiencies of the gearbox and 
generator, 


P= WerTeen (6) 
Equation (5) can therefore be written as 


iL 6 1 6 
=p ~1)=25x10°Wx ~1)=033x10°W (7 
ss E oon — veto ey 


Application of the Rate Equations Heat transfer is due to convection and radiation from 
the exterior surface of the nacelle, governed by Equations 1.3a and 1.7, respectively. Thus 
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qd = Qrad + conv — Al qiaa + tee | 
2; 
2 ot $ nD [eo(T! — Té,) + A(T, — T.)] = 0.33 x 10° W 


or 


a X (3 m)’ 
4 


[x3mxom+ 


x [0.83 x 5.67 X 10°* Wim? - K* (7! — (273 + 20)*)K* 
+ 35 Wim? - K (fT, — (273 + 25)K)] = 0.33 X 10° W 


The preceding equation does not have a closed-form solution, but the surface temperature 
can be easily determined by trial and error or by using a software package such as the Inter- 
active Heat Transfer (IHT) software accompanying your text. Doing so yields 


T, = 416 K = 143°C 


We know that the temperature inside the nacelle must be greater than the exterior surface 
temperature of the nacelle 7,, because the heat generated within the nacelle must be 
transferred from the interior of the nacelle to its surface, and from the surface to the air 
and surroundings. Therefore, T, represents the minimum possible temperature inside the 
enclosed nacelle. < 


Comments: 


1. The temperature inside the nacelle is very high. This would preclude, for example, per- 
formance of routine maintenance by a worker, as illustrated in the problem statement. 
Thermal management approaches involving fans or blowers must be employed to 
reduce the temperature to an acceptable level. 


2. Improvements in the efficiencies of either the gearbox or the generator would not only 
provide more electrical power, but would also reduce the size and cost of the thermal 
management hardware. As such, improved efficiencies would increase revenue gener- 
ated by the wind turbine and decrease both its capital and operating costs. 


3. The heat transfer coefficient would not be a steady value but would vary periodically 
as the blades sweep past the nacelle. Therefore, the value of the heat transfer coeffi- 
cient represents a time-averaged quantity. 


EXAMPLE 1.4 


A long conducting rod of diameter D and electrical resistance per unit length R; is initially 
in thermal equilibrium with the ambient air and its surroundings. This equilibrium is dis- 
turbed when an electrical current J is passed through the rod. Develop an equation that 
could be used to compute the variation of the rod temperature with time during the passage 
of the current. 
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SOLUTION 


Known: Temperature of a rod of prescribed diameter and electrical resistance changes 
with time due to passage of an electrical current. 


Find: Equation that governs temperature change with time for the rod. 


Schematic: 
T yur 
Diameter 
D 
Assumptions: 


1. At any time ¢, the temperature of the rod is uniform. 
2. Constant properties (p, c, € = @). 


3. Radiation exchange between the outer surface of the rod and the surroundings is 
between a small surface and a large enclosure. 


Analysis: The first law of thermodynamics may often be used to determine an unknown 
temperature. In this case, there is no mechanical energy component. So relevant terms 
include heat transfer by convection and radiation from the surface, thermal energy genera- 
tion due to ohmic heating within the conductor, and a change in thermal energy storage. 
Since we wish to determine the rate of change of the temperature, the first law should be 
applied at an instant of time. Hence, applying Equation 1.12c to a control volume of length 
L about the rod, it follows that 


Ey = How = Ey 
where thermal energy generation is due to the electric resistance heating, 
- ) 
B=? Re 


Heating occurs uniformly within the control volume and could also be expressed in terms of 
a volumetric heat generation rate q(W/m*). The generation rate for the entire control volume 
is then E, = qV, where g =I °R! /(arD7/4). Energy outflow is due to convection and net radi- 
ation from the surface, Equations 1.3a and 1.7, respectively, 


Eon = h(wDL)(T — T..) + eo(mDL)(T* — Ti.) 


and the change in energy storage is due to the temperature change, 


B= = 4 yer 
a ae 
The term E, is associated with the rate of change in the internal thermal energy of the rod, 
where p and c are the mass density and the specific heat, respectively, of the rod material, 
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and V is the volume of the rod, V = (7D*/4)L. Substituting the rate equations into the 
energy balance, it follows that 


2 
PRIL — h(wDL\T — T,) — eo (DLT! — T!,) = pe( #2 L a 
Hence 
dT _ PR! —aDh(T — T..) — wDeo(T* — T,,,) 


dt pc(7D?/4) 


Comments: 


1. The preceding equation could be solved for the time dependence of the rod tempera- 
ture by integrating numerically. A steady-state condition would eventually be reached 
for which dT/dt = 0. The rod temperature is then determined by an algebraic equation 
of the form 


aDh(T — T.) + wDeo(T* — Ti.) = PR! 


2. For fixed environmental conditions (h, T.., T,,,), aS well as a rod of fixed geometry (D) 
and properties (¢, R’,), the steady-state temperature depends on the rate of thermal 
energy generation and hence on the value of the electric current. Consider an uninsu- 
lated copper wire (D = | mm, ¢ = 0.8, Ri = 0.4 O/m) in a relatively large enclosure 
(Tsu, = 300 K) through which cooling air is circulated (h = 100 W/m?:K, T,, = 300 K). 
Substituting these values into the foregoing equation, the rod temperature has been 
computed for operating currents in the range 0 = / = 10 A, and the following results 
were obtained: 


150 


T (°C) 
N 
a 


jo) 
DS) 


4 5.2 6 8 10 
I (amperes) 


3. If a maximum operating temperature of T = 60°C is prescribed for safety reasons, 
the current should not exceed 5.2 A. At this temperature, heat transfer by radiation 
(0.6 W/m) is much less than heat transfer by convection (10.4 W/m). Hence, if one 
wished to operate at a larger current while maintaining the rod temperature within 
the safety limit, the convection coefficient would have to be increased by increasing the 
velocity of the circulating air. For h = 250 W/m’: K, the maximum allowable current 
could be increased to 8.1 A. 


4. The JHT software is especially useful for solving equations, such as the energy balance 
in Comment 1, and generating the graphical results of Comment 2. 
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iy | Exampce 1.5 
he SSS SSS 
A hydrogen-air Proton Exchange Membrane (PEM) fuel cell is illustrated below. It consists 
of an electrolytic membrane sandwiched between porous cathode and anode materials, form- 
ing a very thin, three-layer membrane electrode assembly (MEA). At the anode, protons and 
electrons are generated (2H, — 4H* + 4e’); at the cathode, the protons and electrons recom- 
bine to form water (O, + 4e + 4H* — 2H,0). The overall reaction is then 2H, + O, > 
2H,O. The dual role of the electrolytic membrane is to transfer hydrogen ions and serve as 
a barrier to electron transfer, forcing the electrons to the electrical load that is external to 
the fuel cell. 


+5 


————> H,0 + 0, 


Porous anode Porous cathode 


Electrolytic membrane 


The membrane must operate in a moist state in order to conduct ions. However, the pres- 
ence of liquid water in the cathode material may block the oxygen from reaching the cathode 
reaction sites, resulting in the failure of the fuel cell. Therefore, it is critical to control the tem- 
perature of the fuel cell, T.., so that the cathode side contains saturated water vapor. 

For a given set of H, and air inlet flow rates and use of a50 mm X 50 mm MEA, the 
fuel cell generates P = 1- E. = 9 W of electrical power. Saturated vapor conditions exist in 
the fuel cell, corresponding to T. = T,,, = 56.4°C. The overall electrochemical reaction is 
exothermic, and the corresponding thermal generation rate of E, = 11.25 W must be 
removed from the fuel cell by convection and radiation. The ambient and surrounding 
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temperatures are T,. = Ty, = 25°C, and the relationship between the cooling air velocity 
and the convection heat transfer coefficient h is 


h = 10.9 W-s°/m?8-K x vos 


where V has units of m/s. The exterior surface of the fuel cell has an emissivity of ¢ = 0.88. 
Determine the value of the cooling air velocity needed to maintain steady-state operating 
conditions. Assume the edges of the fuel cell are well insulated. 


SOLUTION 


Known: Ambient and surrounding temperatures, fuel cell output voltage and electrical 
current, heat generated by the overall electrochemical reaction, and the desired fuel cell 
operating temperature. 


Find: The required cooling air velocity V needed to maintain steady-state operation at 
T. = 56.4°C. 


Schematic: 
een 
H=50mm 
Tou, = 25°C 
pe 
T. = 56.4°C 
€ =0.88 
T., = 25°C 
h 
Assumptions: 


1. Steady-state conditions. 

. Negligible temperature variations within the fuel cell. 
. Fuel cell is placed in large surroundings. 

. Edges of the fuel cell are well insulated. 


nan & WwW Wd 


. Negligible energy entering or leaving the control volume due to gas or liquid flows. 
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Analysis: To determine the required cooling air velocity, we must first perform an 
energy balance on the fuel cell. Noting that there is no mechanical energy component, we 
see that E;, = 0 and E,,, = E,. This yields 


Goon + Gra = Eg = 11.25 W 
where 
Gra = €AO(T! — Ti.) 
= 0.88 X (2 X 0.05 m X 0.05 m) X 5.67 X 1078 W/m?- K* x (329.4% — 298") K4 
= 0.97 W 


Therefore, we may find 
deony = 11.25 W — 0.97 W = 10.28 W 
= hA(T, — T.,) 
= 10.9 W:s°8/m?8-K xX V°8 A(T. — T..) 


which may be rearranged to yield 


= 10.28 W | 25 
10.9 W-s°8/m?8- K X (2 X 0.05 m X 0.05 m) X (56.4 — 25°C) 
V=9.4m/s < 


Comments: 

1. Temperature and humidity of the MEA will vary from location to location within the 
fuel cell. Prediction of the /ocal conditions within the fuel cell would require a more 
detailed analysis. 

2. The required cooling air velocity is quite high. Decreased cooling velocities could be 
used if heat transfer enhancement devices were added to the exterior of the fuel cell. 

3. The convective heat rate is significantly greater than the radiation heat rate. 


4. The chemical energy (20.25 W) of the hydrogen and oxygen is converted to electrical 
(9 W) and thermal (11.25 W) energy. This fuel cell operates at a conversion efficiency 
of (9 W)/(20.25 W) X 100 = 44%. 


ily | EXAMPLE 1.6 
ESS | 
Large PEM fuel cells, such as those used in automotive applications, often require internal 
cooling using pure liquid water to maintain their temperature at a desired level (see 
Example 1.5). In cold climates, the cooling water must be drained from the fuel cell to an 
adjoining container when the automobile is turned off so that harmful freezing does not 
occur within the fuel cell. Consider a mass M of ice that was frozen while the automobile 
was not being operated. The ice is at the fusion temperature (7; = 0°C) and is enclosed in a 
cubical container of width W on a side. The container wall is of thickness L and thermal 
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conductivity k. If the outer surface of the wall is heated to a temperature T, > T; to melt the 
ice, obtain an expression for the time needed to melt the entire mass of ice and, in turn, 
deliver cooling water to, and energize, the fuel cell. 


SOLUTION 


Known: Mass and temperature of ice. Dimensions, thermal conductivity, and outer sur- 
face temperature of containing wall. 


Find: Expression for time needed to melt the ice. 


Schematic: 
Section A-A k 
| 1 
I 1 T. 
En, I | : 
| AE, 1 
| 
1 
I ll ! 
Ice-water 
mixture (T;) L 
Assumptions: 


1. Inner surface of wall is at 7; throughout the process. 

2. Constant properties. 

3. Steady-state, one-dimensional conduction through each wall. 

4. Conduction area of one wall may be approximated as W* (L < W). 


Analysis: Since we must determine the melting time f,,, the first law should be applied 
over the time interval Ar = t,,. Hence, applying Equation 1.12b to a control volume about 
the ice—water mixture, it follows that 


E., + AE, = AU ix 


where the increase in energy stored within the control volume is due exclusively to the 
change in latent energy associated with conversion from the solid to liquid state. Heat is 
transferred to the ice by means of conduction through the container wall. Since the temper- 
ature difference across the wall is assumed to remain at (7; — 7;) throughout the melting 
process, the wall conduction rate is constant 

iT 


=k ay 
cond (6W ) L 


and the amount of energy inflow is 
T, = T; 
Ein = k(6W?) L bn 


The amount of energy required to effect such a phase change per unit mass of solid is 
termed the latent heat of fusion hy. Hence the increase in energy storage is 


AE, = Mhy 
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By substituting into the first law expression, it follows that 


MhyL 
6W°K(T, — T;) 


tn 


Comments: 


1. Several complications would arise if the ice were initially subcooled. The storage term 
would have to include the change in sensible (internal thermal) energy required to take 
the ice from the subcooled to the fusion temperature. During this process, temperature 
gradients would develop in the ice. 


2. Consider a cavity of width W = 100 mm on a side, wall thickness L = 5 mm, and ther- 
mal conductivity k = 0.05 W/m: K. The mass of the ice in the cavity is 


M = pW — 2L)* = 920 kg/m? X (0.100 — 0.01)° m* = 0.67 kg 


If the outer surface temperature is T; = 30°C, the time required to melt the ice is 


0.67 kg X 334,000 J/kg X 0.005 m 
6(0.100 m)? X 0.05 W/m + K (30 — 0)°C 


= 12,430 s =207 min 


m 


The density and latent heat of fusion of the ice are p, = 920 kg/m? and hy = 334 kJ/kg, 
respectively. 


3. Note that the units of K and °C cancel each other in the foregoing expression for 1,,. 
Such cancellation occurs frequently in heat transfer analysis and is due to both units 
appearing in the context of a temperature difference. 


The Surface Energy Balance We will frequently have occasion to apply the conserva- 
tion of energy requirement at the surface of a medium. In this special case, the control sur- 
faces are located on either side of the physical boundary and enclose no mass or volume 
(see Figure 1.9). Accordingly, the generation and storage terms of the conservation 


Surroundings 
T. 


sur 


_——™ Tad 


Fluid 


q coin | | 
eT. 


Sa 


I I FicurE 1.9 The energy balance for conservation 
Control surfaces of energy at the surface of a medium. 
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expression, Equation 1.12c, are no longer relevant, and it is necessary to deal only with 
surface phenomena. For this case, the conservation requirement becomes 
En — Eo = 0 (1.13) 
Even though energy generation may be occurring in the medium, the process would not 
affect the energy balance at the control surface. Moreover, this conservation requirement 
holds for both steady-state and transient conditions. 
In Figure 1.9, three heat transfer terms are shown for the control surface. On a unit area 
basis, they are conduction from the medium fo the control surface (q?,,4), convection from 
the surface to a fluid (g%,,,), and net radiation exchange from the surface to the surround- 


ings (qiq). The energy balance then takes the form. 


Geonii = Aevsiy _ Grad = 0 (1.14) 


and we can express each of the terms using the appropriate rate equations, Equations 1.2, 
1.3a, and 1.7. 


EXAMPLE 1.7 


Humans are able to control their heat production rate and heat loss rate to maintain a nearly 
constant core temperature of T, = 37°C under a wide range of environmental conditions. 
This process is called thermoregulation. From the perspective of calculating heat transfer 
between a human body and its surroundings, we focus on a layer of skin and fat, with its 
outer surface exposed to the environment and its inner surface at a temperature slightly less 
than the core temperature, 7, = 35°C = 308 K. Consider a person with a skin/fat layer of 
thickness L = 3mm and effective thermal conductivity k = 0.3 W/m:K. The person 
has a surface area A = 1.8 m? and is dressed in a bathing suit. The emissivity of the skin is 


e = 0.95. 


1. When the person is in still air at T,, = 297 K, what is the skin surface temperature and 
rate of heat loss to the environment? Convection heat transfer to the air is characterized 
by a free convection coefficient of h = 2 W/m*:K. 


2. When the person is in water at T,, = 297 K, what is the skin surface temperature and 
heat loss rate? Heat transfer to the water is characterized by a convection coefficient of 
h = 200 W/m? K. 


SOLUTION 


Known: Inner surface temperature of a skin/fat layer of known thickness, thermal con- 
ductivity, emissivity, and surface area. Ambient conditions. 


Find: Skin surface temperature and heat loss rate for the person in air and the person in 
water. 
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Schematic: 
T, = 308 K HT. 
: n/fat Hl : 
! ee ne Toy = 297 K 
| _ Frad 
aah 
i “——™ Tony 
mn 
k = 0.3 W/mK mn T,, = 297 K 
ue h = 2 Wim?K (Air) 
-L=3mm—>| h = 200 W/m*+K (Water) 
Air or water 
Assumptions: 


1. Steady-state conditions. 

2. One-dimensional heat transfer by conduction through the skin/fat layer. 
3. Thermal conductivity is uniform. 
4 


. Radiation exchange between the skin surface and the surroundings is between a small 
surface and a large enclosure at the air temperature. 


. Liquid water is opaque to thermal radiation. 
. Bathing suit has no effect on heat loss from body. 
. Solar radiation is negligible. 


mannan 


. Body is completely immersed in water in part 2. 
Analysis: 


1. The skin surface temperature may be obtained by performing an energy balance at the 
skin surface. From Equation 1.13, 


E; = Fut = 
It follows that, on a unit area basis, 
oi ~~ Geis — Gis =) 
or, rearranging and substituting from Equations 1.2, 1.3a, and 1.7, 


T, — T, 
—— =h(T, — T..) + eo(T4 — Ti) 


The only unknown is 7,, but we cannot solve for it explicitly because of the fourth-power 
dependence of the radiation term. Therefore, we must solve the equation iteratively, 
which can be done by hand or by using JHT or some other equation solver. To expedite 
a hand solution, we write the radiation heat flux in terms of the radiation heat transfer 
coefficient, using Equations 1.8 and 1.9: 


T.—T. 
a = h(T, — T.,) + hAT, a Tse) 


k 


Solving for 7,, with T,,, = T.., we have 


kT, 
i+ (A+h)T.. 
L 


 — 


Ss 


k 
<+(hth 
7 th+h) 
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We estimate h, using Equation 1.9 with a guessed value of T, = 305 K and T,, = 297 K, 
to yield h, = 5.9 W/m*-K. Then, substituting numerical values into the preceding 
equation, we find 


OS Witt ROSS08 1S i (o- 59) Wink X 207 K 


-3 
T,= SaERT xX = 307.2K 
a2 SS + (2 +. 5.9) Wim? -K 
3x 10-°m 


With this new value of 7,, we can recalculate h, and T,, which are unchanged. Thus the 
skin temperature is 307.2 K = 34°C. < 

The rate of heat loss can be found by evaluating the conduction through the 
skin/fat layer: 


eee — 307. 
g.= KA * = 0.3. Wim K x 1.8m? x A012 IS 74559 < 


3X10 3m 


2. Since liquid water is opaque to thermal radiation, heat loss from the skin surface is by 
convection only. Using the previous expression with h, = 0, we find 


0.3 W/m + K X 308 K 


S 200 W/m? - K x 297 K 
T,= 3X a = 300.7 K < 
a2 SE + 200 Wim? « K 
3X10 °m 
and 
LET, — 7) K 
pas Wea = KB _ 1390 w <J 
L 3x10 °m 
Comments: 


1. When using energy balances involving radiation exchange, the temperatures appearing 
in the radiation terms must be expressed in kelvins, and it is good practice to use 
kelvins in all terms to avoid confusion. 


2. In part 1, heat losses due to convection and radiation are 37 W and 109 W, respec- 
tively. Thus, it would not have been reasonable to neglect radiation. Care must be 
taken to include radiation when the heat transfer coefficient is small (as it often is for 
natural convection to a gas), even if the problem statement does not give any indication 
of its importance. 


3. A typical rate of metabolic heat generation is 100 W. If the person stayed in the water 
too long, the core body temperature would begin to fall. The large heat loss in water is 
due to the higher heat transfer coefficient, which in turn is due to the much larger ther- 
mal conductivity of water compared to air. 


4. The skin temperature of 34°C in part | is comfortable, but the skin temperature of 
28°C in part 2 is uncomfortably cold. 
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Application of the Conservation Laws: Methodology In addition to being familiar with 
the transport rate equations described in Section 1.2, the heat transfer analyst must be able 
to work with the energy conservation requirements of Equations 1.12 and 1.13. The appli- 
cation of these balances is simplified if a few basic rules are followed. 


1. The appropriate control volume must be defined, with the control surfaces represented 
by a dashed line or lines. 


2. The appropriate time basis must be identified. 


3. The relevant energy processes must be identified, and each process should be shown on 
the control volume by an appropriately labeled arrow. 


4. The conservation equation must then be written, and appropriate rate expressions must 
be substituted for the relevant terms in the equation. 


Note that the energy conservation requirement may be applied to a finite control volume or 
a differential (infinitesimal) control volume. In the first case, the resulting expression 
governs overall system behavior. In the second case, a differential equation is obtained that 
can be solved for conditions at each point in the system. Differential control volumes are 
introduced in Chapter 2, and both types of control volumes are used extensively throughout 
the text. 


1.3.2 Relationship to the Second Law of Thermodynamics 
and the Efficiency of Heat Engines 


In this section, we are interested in the efficiency of heat engines. The discussion builds on 
your knowledge of thermodynamics and shows how heat transfer plays a crucial role in 
managing and promoting the efficiency of a broad range of energy conversion devices. 
Recall that a heat engine is any device that operates continuously or cyclically and that con- 
verts heat to work. Examples include internal combustion engines, power plants, and ther- 
moelectric devices (to be discussed in Section 3.8). Improving the efficiency of heat engines 
is a subject of extreme importance; for example, more efficient combustion engines con- 
sume less fuel to produce a given amount of work and reduce the corresponding emissions 
of pollutants and carbon dioxide. More efficient thermoelectric devices can generate more 
electricity from waste heat. Regardless of the energy conversion device, its size, weight, and 
cost can all be reduced through improvements in its energy conversion efficiency. 

The second law of thermodynamics is often invoked when efficiency is of concern and 
can be expressed in a variety of different but equivalent ways. The Kelvin—Planck state- 
ment is particularly relevant to the operation of heat engines [1]. It states: 


It is impossible for any system to operate in a thermodynamic cycle and deliver a net amount of 
work to its surroundings while receiving energy by heat transfer from a single thermal reservoir. 


Recall that a thermodynamic cycle is a process for which the initial and final states of the 
system are identical. Consequently, the energy stored in the system does not change 
between the initial and final states, and the first law of thermodynamics (Equation 1.12a) 
reduces to W = Q. 

A consequence of the Kelvin—Planck statement is that a heat engine must exchange 
heat with two (or more) reservoirs, gaining thermal energy from the higher-temperature 
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reservoir and rejecting thermal energy to the lower-temperature reservoir. Thus, converting all 
of the input heat to work is impossible, and W = Q,, — Q,y,, where Q,, and Q,,, are both defined 
to be positive. That is, Q,, is the heat transferred from the high temperature source to the heat 
engine, and Q,,, is the heat transferred from the heat engine to the low temperature sink. 

The efficiency of a heat engine is defined as the fraction of heat transferred into the 
system that is converted to work, namely 


n= WwW = On a Onn =a Onur (1.15) 
OF (OF OF 
The second law also tells us that, for a reversible process, the ratio Q,,,/Q;, 1s equal to the 
ratio of the absolute temperatures of the respective reservoirs [1]. Thus, the efficiency of a 
heat engine undergoing a reversible process, called the Carnot efficiency 1, is given by 


T. 


"7, (1.16) 


c= 1 
where 7. and T,, are the absolute temperatures of the low- and high-temperature reservoirs, 
respectively. The Carnot efficiency is the maximum possible efficiency that any heat 
engine can achieve operating between those two temperatures. Any real heat engine, which 
will necessarily undergo an irreversible process, will have a lower efficiency. 

From our knowledge of thermodynamics, we know that, for heat transfer to take place 
reversibly, it must occur through an infinitesimal temperature difference between the reser- 
voir and heat engine. However, from our newly acquired knowledge of heat transfer mech- 
anisms, as embodied, for example, in Equations 1.2, 1.3, and 1.7, we now realize that, for 
heat transfer to occur, there must be a nonzero temperature difference between the reservoir 
and the heat engine. This reality introduces irreversibility and reduces the efficiency. 

With the concepts of the preceding paragraph in mind, we now consider a more realistic 
model of a heat engine [2-5] in which heat is transferred into the engine through a thermal 
resistance R,,,, while heat is extracted from the engine through a second thermal resistance R,,. 
(Figure 1.10). The subscripts / and c refer to the hot and cold sides of the heat engine, respec- 
tively. As discussed in Section 1.2.4, these thermal resistances are associated with heat trans- 
fer between the heat engine and the reservoirs across a nonzero temperature difference, by way 
of the mechanisms of conduction, convection, and/or radiation. For example, the resistances 
could represent conduction through the walls separating the heat engine from the two reser- 
voirs. Note that the reservoir temperatures are still 7, and 7, but that the temperatures seen by 
the heat engine are 7,, < 7, and T,,; > T., as shown in the diagram. The heat engine is still 
assumed to be internally reversible, and its efficiency is still the Carnot efficiency. However, 


qT, 
High-temperature 
side resistance 
Thi 
F Internally 
Heat engine reversible +> W 
walls heat engine 
Te 
Low-temperature pe 
side resistance On FicurE 1.10 Internally reversible heat engine 
Low-temperature Tt exchanging heat with high- and low-temperature 
KS reservoirs through thermal resistances. 
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the Carnot efficiency is now based on the internal temperatures T,,; and T,.;. Therefore, a modi- 


I 


fied efficiency that accounts for realistic (irreversible) heat transfer processes 7,,, is 


Qout = 1 Gout = 1 
Ok din Thy 


Ny, = 1 (1.17) 


where the ratio of heat flows over a time interval, Q,,,/Q,,, has been replaced by the corre- 
sponding ratio of heat rates, qoy/Gin. This replacement is based on applying energy conserva- 
tion at an instant in time,’ as discussed in Section 1.3.1. Utilizing the definition of a thermal 
resistance, the heat transfer rates into and out of the heat engine are given by 


din = (Th ~ ThRen (1.18a) 
ou = (Tei ~— TR ic (1.18b) 
Equations 1.18 can be solved for the internal temperatures, to yield 
Lig 1 Gighn (1.19a) 
Toi = Te + Gowk ye = Te + Gin(l — Mm)Rrc (1.19b) 


In Equation 1.19b, ¢,,, has been related to g,, and 7,,, using Equation 1.17. The more realis- 
tic, modified efficiency can then be expressed as 


Tj _ 1 qT; + Gin ~~ Nn) Ric 


in = 1 (1.20) 
Th, T;, ~~ Ginn 
Solving for 7,, results in 
I 
7, 1S - (L210) 
T;, a Gin Rot 


where R,,, = R,, + R,.. It is readily evident that 7,, = nc only if the thermal resistances R,,, 
and R,,. could somehow be made infinitesimally small (or if g;,, = 0). For realistic (nonzero) 
values of Riots Mn < Nc, and 7,, further deteriorates as either R,, or gj, increases. As an 
extreme case, note that 7,, = 0 when 7, = T. + gi,R,.., meaning that no power could be 
produced even though the Carnot efficiency, as expressed in Equation 1.16, is nonzero. 

In addition to the efficiency, another important parameter to consider is the power out- 
put of the heat engine, given by 


: I 
v= GinNm = au i aa (1,22) 
T;, a Gin Rot 


It has already been noted in our discussion of Equation 1.21 that the efficiency is equal to 
the maximum Carnot efficiency (7,, = 1c) if gi, = 0. However, under these circumstances 


'The heat engine is assumed to undergo a continuous, steady-flow process, so that all heat and work processes 
are occurring simultaneously, and the corresponding terms would be expressed in watts (W). For a heat engine 
undergoing a cyclic process with sequential heat and work processes occurring over different time intervals, we 
would need to introduce the time intervals for each process, and each term would be expressed in joules (J). 
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the power output Wis zero according to Equation 1.22. To increase W, qin must be 
increased at the expense of decreased efficiency. In any real application, a balance must 
be struck between maximizing the efficiency and maximizing the power output. If provision 
of the heat input is inexpensive (for example, if waste heat is converted to power), a case 
could be made for sacrificing efficiency to maximize power output. In contrast, if fuel is 
expensive or emissions are detrimental (such as for a conventional fossil fuel power plant), 
the efficiency of the energy conversion may be as or more important than the power output. 
In any case, heat transfer and thermodyamic principles should be used to determine the 
actual efficiency and power output of a heat engine. 

Although we have limited our discussion of the second law to heat engines, the preceding 
analysis shows how the principles of thermodynamics and heat transfer can be combined to 
address significant problems of contemporary interest. 


EXAMPLE 1.8 


In a large steam power plant, the combustion of coal provides a heat rate of q¢,,, = 2500 MW 
at a flame temperature of JT, = 1000 K. Heat is rejected from the plant to a river flowing 
at T. = 300 K. Heat is transferred from the combustion products to the exterior of large 
tubes in the boiler by way of radiation and convection, through the boiler tubes by conduc- 
tion, and then from the interior tube surface to the working fluid (water) by convection. 
On the cold side, heat is extracted from the power plant by condensation of steam on the 
exterior condenser tube surfaces, through the condenser tube walls by conduction, and from 
the interior of the condenser tubes to the river water by convection. Hot and cold side ther- 
mal resistances account for the combined effects of conduction, convection, and radiation 
and, under design conditions, they are R,, = 8 X 10-*K/W and R,,=2 X 10 *K/W, 
respectively. 


1. Determine the efficiency and power output of the power plant, accounting for heat 
transfer effects to and from the cold and hot reservoirs. Treat the power plant as an 
internally reversible heat engine. 


2. Over time, coal slag will accumulate on the combustion side of the boiler tubes. This 
fouling process increases the hot side resistance to R,,, = 9 X 10° K/W. Concurrently, 
biological matter can accumulate on the river water side of the condenser tubes, 
increasing the cold side resistance to R,, = 2.2 X 10° K/W. Find the efficiency and 
power output of the plant under fouled conditions. 


SOLUTION 


Known: Source and sink temperatures and heat input rate for an internally reversible 
heat engine. Thermal resistances separating heat engine from source and sink under clean 
and fouled conditions. 


Find: 
1. Efficiency and power output for clean conditions. 


2. Efficiency and power output under fouled conditions. 
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Schematic: 
T, = 1000 K 
R,, = 8 X 10 © KW (clean) 
R,, = 9 X 10 © KW (fouled) 
tT hi 
Power plant —+>W 
Ti 
R,.=2x10°KW(clean) | 
R,. = 2.2 X 10 * KW (fouled) all 
eine T. = 300K 
Cooling water eC 
Assumptions: 


1. Steady-state conditions. 


2. Power plant behaves as an internally reversible heat engine, so its efficiency is the 
modified efficiency. 


Analysis: 


1. The modified efficiency of the internally reversible power plant, considering realistic heat 
transfer effects on the hot and cold side of the power plant, is given by Equation 1.21: 


Nn = 1 _ 


where, for clean conditions 


Ror = Rin + Rie = 8 X 10-8 K/W + 2 X 10-8 K/W = 1.0 X 10-7 K/W 


Thus 
Tr 
m= 1 <= 1 300 K —_ = 0,60 = 60% < 
7 Gig hing 1000 K — 2500 x 10° W X 1.0 x 107-7 K/W 
The power output is given by 
W = dinMm = 2500 MW X 0.60 = 1500 MW <J 


2. Under fouled conditions, the preceding calculations are repeated to find 


Nm = 0.583 = 58.3% and W = 1460 MW <J 


Comments: 
1. The actual efficiency and power output of a power plant operating between these 
temperatures would be much less than the foregoing values, since there would 
be other irreversibilities internal to the power plant. Even if these irreversibilities 
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were considered in a more comprehensive analysis, fouling effects would still reduce 
the plant efficiency and power output. 


2. The Carnot efficiency is nc = 1 — T./T,, = 1 — 300 K/1000 K = 70%. The correspond- 
ing power output would be W = gj,n¢ = 2500 MW X 0.70 = 1750 MW. Thus, if the 
effect of irreversible heat transfer from and to the hot and cold reservoirs, respectively, 
were neglected, the power output of the plant would be significantly overpredicted. 


3. Fouling reduces the power output of the plant by AP = 40 MW. If the plant owner 
sells the electricity at a price of $0.08/kW -h, the daily lost revenue associated with 
operating the fouled plant would be C = 40,000 kW X $0.08/kW-h X 24 h/day = 
$76,800/day. 


1.4 Units and Dimensions 


The physical quantities of heat transfer are specified in terms of dimensions, which are 
measured in terms of units. Four basic dimensions are required for the development of heat 
transfer: length (L), mass (M), time (7), and temperature (7). All other physical quantities of 
interest may be related to these four basic dimensions. 

In the United States, dimensions have been customarily measured in terms of the 
English system of units, for which the base units are: 


Dimension Unit 

Length (L) => foot (ft) 

Mass (M) => pound mass (1b,,) 
Time (f) => second (s) 
Temperature (T) => degree Fahrenheit (°F) 


The units required to specify other physical quantities may then be inferred from this group. 

In recent years, there has been a strong trend toward the global usage of a standard set 
of units. In 1960, the SI (Systéme International d’Unités) system of units was defined by 
the Eleventh General Conference on Weights and Measures and recommended as a world- 
wide standard. In response to this trend, the American Society of Mechanical Engineers 
(ASMB) has required the use of SI units in all of its publications since 1974. For this reason 
and because SI units are operationally more convenient than the English system, the SI sys- 
tem is used for calculations of this text. However, because for some time to come, engineers 
might also have to work with results expressed in the English system, you should be able to 
convert from one system to the other. For your convenience, conversion factors are provided 
on the inside back cover of the text. 

The SI base units required for this text are summarized in Table 1.2. With regard to 
these units, note that 1 mol is the amount of substance that has as many atoms or mole- 
cules as there are atoms in 12 g of carbon-12 ('°C); this is the gram-mole (mol). Although 
the mole has been recommended as the unit quantity of matter for the SI system, it is more 
consistent to work with the kilogram-mol (kmol, kg-mol). One kmol is simply the amount 
of substance that has as many atoms or molecules as there are atoms in 12 kg of °C. 
As long as the use is consistent within a given problem, no difficulties arise in using either 
mol or kmol. The molecular weight of a substance is the mass associated with a mole or 
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kilogram-mole. For oxygen, as an example, the molecular weight u(t is 16 g/mol or 
16 kg/kmol. 

Although the SI unit of temperature is the kelvin, use of the Celsius temperature scale 
remains widespread. Zero on the Celsius scale (0°C) is equivalent to 273.15 K on the ther- 
modynamic scale,” in which case 


T (K) = TCC) + 273.15 


However, temperature differences are equivalent for the two scales and may be denoted as 
°C or K. Also, although the SI unit of time is the second, other units of time (minute, hour, 
and day) are so common that their use with the SI system is generally accepted. 

The SI units comprise a coherent form of the metric system. That is, all remaining units 
may be derived from the base units using formulas that do not involve any numerical factors. 
Derived units for selected quantities are listed in Table 1.3. Note that force is measured in 
newtons, where a 1-N force will accelerate a 1-kg mass at 1 m/s’. Hence 1 N = 1 kg: m/s’. 
The unit of pressure (N/m°) is often referred to as the pascal. In the SI system, there is 
one unit of energy (thermal, mechanical, or electrical) called the joule (J); 1 J = 1 N-m. The 
unit for energy rate, or power, is then J/s, where one joule per second is equivalent to 
one watt (1 J/s = 1 W). Since working with extremely large or small numbers is frequently 
necessary, a set of standard prefixes has been introduced to simplify matters (Table 1.4). For 
example, 1 megawatt (MW) = 10° W, and 1 micrometer (um) = 10°° m. 


TABLE 1.2 SI base and supplementary units 


Quantity and Symbol Unit and Symbol 
Length (L) meter (m) 
Mass (M) kilogram (kg) 
Amount of substance mole (mol) 
Time (ft) second (s) 
Electric current (/) ampere (A) 
Thermodynamic temperature (7) kelvin (K) 
Plane angle“ (8) radian (rad) 
Solid angle* (w) steradian (sr) 


“Supplementary unit. 


TABLE 1.3 SI derived units for selected quantities 


Name Expression 
Quantity and Symbol Formula in SI Base Units 
Force newton (N) m:kg/s* m‘kg/s? 
Pressure and stress pascal (Pa) N/m? kg/m: s? 
Energy joule (J) N-m m?:kg/s? 
Power watt (W) J/s m’: kg/ 3 


°The degree symbol is retained for designating the Celsius temperature (°C) to avoid confusion with the use of C 
for the unit of electrical charge (coulomb). 
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TABLE 1.4 Multiplying prefixes 


Prefix Abbreviation Multiplier 
femto f 10°45 
pico p 10°? 
nano n 10° 
micro wb 10° 
milli m 10-3 
centi c 10°? 
hecto h 107 
kilo k 10° 
mega M 10° 
giga G 10° 
tera T 10” 
peta P 10° 
exa E 10'8 


1.5 Analysis of Heat Transfer Problems: 


Methodology 


A major objective of this text is to prepare you to solve engineering problems that involve 
heat transfer processes. To this end, numerous problems are provided at the end of each 
chapter. In working these problems you will gain a deeper appreciation for the fundamen- 
tals of the subject, and you will gain confidence in your ability to apply these fundamentals 
to the solution of engineering problems. 


In solving problems, we advocate the use of a systematic procedure characterized by a 


prescribed format. We consistently employ this procedure in our examples, and we require 
our students to use it in their problem solutions. It consists of the following steps: 


1. 


Known: After carefully reading the problem, state briefly and concisely what is known 
about the problem. Do not repeat the problem statement. 


Find: State briefly and concisely what must be found. 


Schematic: Draw a schematic of the physical system. If application of the conservation 
laws is anticipated, represent the required control surface or surfaces by dashed lines 
on the schematic. Identify relevant heat transfer processes by appropriately labeled 
arrows on the schematic. 


Assumptions: List all pertinent simplifying assumptions. 


Properties: Compile property values needed for subsequent calculations and identify 
the source from which they are obtained. 


. Analysis: Begin your analysis by applying appropriate conservation laws, and introduce 


rate equations as needed. Develop the analysis as completely as possible before substitut- 
ing numerical values. Perform the calculations needed to obtain the desired results. 


Comments: Discuss your results. Such a discussion may include a summary of key 
conclusions, a critique of the original assumptions, and an inference of trends obtained 
by performing additional what-if and parameter sensitivity calculations. 


ee 
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The importance of following steps | through 4 should not be underestimated. They provide 
a useful guide to thinking about a problem before effecting its solution. In step 7, we hope 
you will take the initiative to gain additional insights by performing calculations that may 
be computer based. The software accompanying this text provides a suitable tool for effect- 
ing such calculations. 


EXAMPLE 1.9 


The coating on a plate is cured by exposure to an infrared lamp providing a uniform irradia- 
tion of 2000 W/m”. It absorbs 80% of the irradiation and has an emissivity of 0.50. It is also 
exposed to an airflow and large surroundings for which temperatures are 20°C and 30°C, 
respectively. 


1. If the convection coefficient between the plate and the ambient air is 15 W/m?- K, what 
is the cure temperature of the plate? 


2. The final characteristics of the coating, including wear and durability, are known to 
depend on the temperature at which curing occurs. An airflow system is able to control 
the air velocity, and hence the convection coefficient, on the cured surface, but the 
process engineer needs to know how the temperature depends on the convection coeffi- 
cient. Provide the desired information by computing and plotting the surface tempera- 
ture as a function of h for 2 < h < 200 W/m*-K. What value of h would provide a 
cure temperature of 50°C? 


SOLUTION 


Known: Coating with prescribed radiation properties is cured by irradiation from an 
infrared lamp. Heat transfer from the coating is by convection to ambient air and radiation 
exchange with the surroundings. 


Find: 
1. Cure temperature for h = 15 W/m? K. 


2. Effect of airflow on the cure temperature for 2 < h < 200 W/m’: K. Value of h for 
which the cure temperature is 50°C. 


Schematic: 


£ 


sur 


=20°C 
Giamp = 2000 W/m2 conv iad a Giamp 
7,2 20°C 
2 <h< 200 Wim*kK 
; — 
Air ; 


T Coating, ETO eoreaees 
_ = 
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Assumptions: 
1. Steady-state conditions. 
2. Negligible heat loss from back surface of plate. 


3. Plate is small object in large surroundings, and coating has an absorptivity of 
Quy, = € = 0.5 with respect to irradiation from the surroundings. 


Analysis: 

1. Since the process corresponds to steady-state conditions and there is no heat transfer at 
the back surface, the plate must be isothermal (7, = T). Hence the desired temperature 
may be determined by placing a control surface about the exposed surface and apply- 
ing Equation 1.13 or by placing the control surface about the entire plate and applying 
Equation 1.12c. Adopting the latter approach and recognizing that there is no energy 
generation (E, = 0), Equation 1.12c reduces to 


E; — Ey, = 0 


where E., = 0 for steady-state conditions. With energy inflow due to absorption of the 
lamp irradiation by the coating and outflow due to convection and net radiation transfer 
to the surroundings, it follows that 


(@G)iamp — on _ Trad =) 
Substituting from Equations 1.3a and 1.7, we obtain 


(QD ican h(T Ts) é0( ‘ia oe =i 


Substituting numerical values 
0.8 X 2000 W/m? — 15 W/m? : K (T — 293) K 
— 0.5 X 5.67 X 107* W/m? - K* (T* — 303*) K* = 0 
and solving by trial-and-error, we obtain 
T = 377K = 104°C <J 


2. Solving the foregoing energy balance for selected values of h in the prescribed range 
and plotting the results, we obtain 


240 


0 20 40 51 60 80 100 
h (W/m?+K) 
If a cure temperature of 50°C is desired, the airflow must provide a convection 
coefficient of 


h(T = 50°C) = 51.0 W/m? K <J 
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Comments: 


1. The coating (plate) temperature may be reduced by decreasing T,, and T,,,, as well as by 
increasing the air velocity and hence the convection coefficient. 


2. The relative contributions of convection and radiation to heat transfer from the plate 
vary greatly with h. For h=2W/m?:K, T= 204°C and radiation dominates 
(qq =~ 1232 W/m*, dion ~ 368 W/m’). Conversely, for h = 200 W/m*-K, T = 28°C 
and convection dominates (q,,, ~ 1606 W/m’, gq", ~ —6 W/m”). In fact, for this con- 
dition the plate temperature is slightly less than that of the surroundings and net radia- 
tion exchange is fo the plate. 


1.6 Relevance of Heat Transfer 


We will devote much time to acquiring an understanding of heat transfer effects and to 
developing the skills needed to predict heat transfer rates and temperatures that evolve in 
certain situations. What is the value of this knowledge? To what problems may it be 
applied? A few examples will serve to illustrate the rich breadth of applications in which 
heat transfer plays a critical role. 

The challenge of providing sufficient amounts of energy for humankind is well known. 
Adequate supplies of energy are needed not only to fuel industrial productivity, but also to 
supply safe drinking water and food for much of the world’s population and to provide the 
sanitation necessary to control life-threatening diseases. 

To appreciate the role heat transfer plays in the energy challenge, consider a flow chart 
that represents energy use in the United States, as shown in Figure 1.11a. Currently, about 
58% of the nearly 110 EJ of energy that is consumed annually in the United States is 
wasted in the form of heat. Nearly 70% of the energy used to generate electricity is lost in 
the form of heat. The transportation sector, which relies almost exclusively on petroleum- 
based fuels, utilizes only 21.5% of the energy it consumes; the remaining 78.5% is released 
in the form of heat. Although the industrial and residential/commercial use of energy is rel- 
atively more efficient, opportunities for energy conservation abound. Creative thermal 
engineering, utilizing the tools of thermodynamics and heat transfer, can lead to new ways 
to (1) increase the efficiency by which energy is generated and converted, (2) reduce 
energy losses, and (3) harvest a large portion of the waste heat. 

As evident in Figure 1.11a, fossil fuels (petroleum, natural gas, and coal) dominate the 
energy portfolio in many countries, such as the United States. The combustion of fossil 
fuels produces massive amounts of carbon dioxide; the amount of CO, released in the 
United States on an annual basis due to combustion is currently 5.99 Eg (5.99 X 10'° kg). 
As more CO, is pumped into the atmosphere, mechanisms of radiation heat transfer within 
the atmosphere are modified, resulting in potential changes in global temperatures. In a 
country like the United States, electricity generation and transportation are responsible for 
nearly 75% of the total CO, released into the atmosphere due to energy use (Figure 1.11b). 

What are some of the ways engineers are applying the principles of heat transfer to 
address issues of energy and environmental sustainability? 

The efficiency of a gas turbine engine can be significantly increased by increasing its 
operating temperature. Today, the temperatures of the combustion gases inside these 
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Nuclear power 8.3% Alternative sources 6.8% 
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Electricity generation Transportation Residential/ 
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17.4% 
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Waste heat is i 4 
57.6% i 
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(b) 


Ficure 1.11 Flow charts for energy consumption and associated CO, emissions in 
the United States in 2007. (a) Energy production and consumption. (b) Carbon dioxide 
by source of fossil fuel and end-use application. Arrow widths represent relative 
magnitudes of the flow streams. (Credit: U.S. Department of Energy and the Lawrence 
Livermore National Laboratory.) 


engines far exceed the melting point of the exotic alloys used to manufacture the turbine 
blades and vanes. Safe operation is typically achieved by three means. First, relatively cool 
gases are injected through small holes at the leading edge of a turbine blade (Figure 1.12). 
These gases hug the blade as they are carried downstream and help insulate the blade from 
the hot combustion gases. Second, thin layers of a very low thermal conductivity, ceramic 
thermal barrier coating are applied to the blades and vanes to provide an extra layer of 
insulation. These coatings are produced by spraying molten ceramic powders onto the 
engine components using extremely high temperature sources such as plasma spray guns 
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FicureE 1.12. Gas turbine blade. (a) External view showing holes for injection of 
cooling gases. (b) X ray view showing internal cooling passages. (Credit: Images courtesy 
of FarField Technology, Ltd., Christchurch, New Zealand.) 


that can operate in excess of 10,000 kelvins. Third, the blades and vanes are designed with 
intricate, internal cooling passages, all carefully configured by the heat transfer engineer to 
allow the gas turbine engine to operate under such extreme conditions. 

Alternative sources constitute a small fraction of the energy portfolio of many nations, 
as illustrated in the flow chart of Figure 1.11a for the United States. The intermittent nature 
of the power generated by sources such as the wind and solar irradiation limits their wide- 
spread utilization, and creative ways to store excess energy for use during low-power gen- 
eration periods are urgently needed. Emerging energy conversion devices such as fuel cells 
could be used to (1) combine excess electricity that is generated during the day (in a solar 
power station, for example) with liquid water to produce hydrogen, and (2) subsequently 
convert the stored hydrogen at night by recombining it with oxygen to produce electricity 
and water. Roadblocks hindering the widespread use of hydrogen fuel cells are their size, 
weight, and limited durability. As with the gas turbine engine, the efficiency of a fuel cell 
increases with temperature, but high operating temperatures and large temperature gradi- 
ents can cause the delicate polymeric materials within a hydrogen fuel cell to fail. 

More challenging is the fact that water exists inside any hydrogen fuel cell. If this water 
should freeze, the polymeric materials within the fuel cell would be destroyed, and the fuel 
cell would cease operation. Because of the necessity to utilize very pure water in a hydrogen 
fuel cell, common remedies such as antifreeze cannot be used. What heat transfer mecha- 
nisms must be controlled to avoid freezing of pure water within a fuel cell located at a wind 
farm or solar energy station in a cold climate? How might your developing knowledge of 
internal forced convection, evaporation, or condensation be applied to control the operating 
temperatures and enhance the durability of a fuel cell, in turn promoting more widespread use 
of solar and wind power? 

Due to the information technology revolution of the last two decades, strong industrial 
productivity growth has brought an improved quality of life worldwide. Many information 
technology breakthroughs have been enabled by advances in heat transfer engineering that 
have ensured the precise control of temperatures of systems ranging in size from nanoscale 
integrated circuits, to microscale storage media including compact discs, to large data centers 
filled with heat-generating equipment. As electronic devices become faster and incorporate 
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greater functionality, they generate more thermal energy. Simultaneously, the devices have 
become smaller. Inevitably, heat fluxes (W/m?) and volumetric energy generation rates 
(W/m*) keep increasing, but the operating temperatures of the devices must be held to reason- 
ably low values to ensure their reliability. 

For personal computers, cooling fins (also known as heat sinks) are fabricated of a high 
thermal conductivity material (usually aluminum) and attached to the microprocessors to 
reduce their operating temperatures, as shown in Figure 1.13. Small fans are used to induce 
forced convection over the fins. The cumulative energy that is consumed worldwide, just to 
(1) power the small fans that provide the airflow over the fins and (2) manufacture the heat 
sinks for personal computers, is estimated to be over 10? kWh per year [6]. How might your 
knowledge of conduction, convection, and radiation be used to, for example, eliminate the fan 
and minimize the size of the heat sink? 

Further improvements in microprocessor technology are currently limited by our ability to 
cool these tiny devices. Policy makers have voiced concern about our ability to continually 
reduce the cost of computing and, in turn as a society, continue the growth in productivity that 
has marked the last 30 years, specifically citing the need to enhance heat transfer in electronics 
cooling [7]. How might your knowledge of heat transfer help ensure continued industrial pro- 
ductivity into the future? 

Heat transfer is important not only in engineered systems but also in nature. Temperature 
regulates and triggers biological responses in all living systems and ultimately marks the 
boundary between sickness and health. Two common examples include hypothermia, which 
results from excessive cooling of the human body, and heat stroke, which is triggered in 
warm, humid environments. Both are deadly, and both are associated with core temperatures 
of the body exceeding physiological limits. Both are directly linked to the convection, radia- 
tion, and evaporation processes occurring at the surface of the body, the transport of heat 
within the body, and the metabolic energy generated volumetrically within the body. 

Recent advances in biomedical engineering, such as laser surgery, have been enabled 
by successfully applying fundamental heat transfer principles [8, 9]. While increased tem- 
peratures resulting from contact with hot objects may cause thermal burns, beneficial 
hyperthermal treatments are used to purposely destroy, for example, cancerous lesions. In a 


Ficure 1.13 A finned heat sink and fan assembly 
(left) and microprocessor (right). 


Exploded view 
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Ficure 1.14 Morphology of human skin. 


similar manner, very low temperatures might induce frostbite, but purposeful localized 
freezing can selectively destroy diseased tissue during cryosurgery. Many medical thera- 
pies and devices therefore operate by destructively heating or cooling diseased tissue, while 
leaving the surrounding healthy tissue unaffected. 

The ability to design many medical devices and to develop the appropriate protocol for 
their use hinges on the engineer’s ability to predict and control the distribution of temperatures 
during thermal treatment and the distribution of chemical species in chemotherapies. The treat- 
ment of mammalian tissue is made complicated by its morphology, as shown in 
Figure 1.14. The flow of blood within the venular and capillary structure of a thermally treated 
area affects heat transfer through advection processes. Larger veins and arteries, which com- 
monly exist in pairs throughout the body, carry blood at different temperatures and advect ther- 
mal energy at different rates. Therefore, the veins and arteries exist in a counterflow heat 
exchange arrangement with warm, arteriolar blood exchanging thermal energy with the cooler, 
venular blood through the intervening solid tissue. Networks of smaller capillaries can also 
affect local temperatures by perfusing blood through the treated area. 

In subsequent chapters, example and homework problems will deal with the analysis of 
these and many other thermal systems. 


1.7 Summary 


Although much of the material of this chapter will be discussed in greater detail, you 
should now have a reasonable overview of heat transfer. You should be aware of the 
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TABLE 1.5 Summary of heat transfer processes 


Transport 
Equation Property or 
Mode Mechanism(s) Rate Equation Number Coefficient 
Conduction Diffusion of energy due gd. (Wim?) = ap et (1.1) k (W/m: K) 
to random molecular dx 
motion 
Convection Diffusion of energy due q' (Wim?) = h(T, — T..) (1.3a) h (Wim? - K) 
to random molecular 
motion plus energy 
transfer due to bulk 
motion (advection) 
Radiation Energy transfer by q'(Wim’) = eo(T — Ta, (1.7) é 
electromagnetic waves or g(W) =h,A(T, — Ty.) (1.8) h, (W/m? + K) 


several modes of transfer and their physical origins. You will be devoting much time to 
acquiring the tools needed to calculate heat transfer phenomena. However, before you can 
use these tools effectively, you must have the intuition to determine what is happening 
physically. Specifically, given a physical situation, you must be able to identify the relevant 
transport phenomena; the importance of developing this facility must not be underesti- 
mated. The example and problems at the end of this chapter will launch you on the road to 
developing this intuition. 

You should also appreciate the significance of the rate equations and feel comfortable 
in using them to compute transport rates. These equations, summarized in Table 1.5, should 
be committed to memory. You must also recognize the importance of the conservation laws 
and the need to carefully identify control volumes. With the rate equations, the conserva- 
tion laws may be used to solve numerous heat transfer problems. 

Lastly, you should have begun to acquire an appreciation for the terminology and 
physical concepts that underpin the subject of heat transfer. Test your understanding of 
the important terms and concepts introduced in this chapter by addressing the following 
questions: 


e What are the physical mechanisms associated with heat transfer by conduction, convec- 
tion, and radiation? 

¢ What is the driving potential for heat transfer? What are analogs to this potential and to 
heat transfer itself for the transport of electric charge? 

e What is the difference between a heat flux and a heat rate? What are their units? 

e What is a temperature gradient? What are its units? What is the relationship of heat 
flow to a temperature gradient? 

¢ What is the thermal conductivity? What are its units? What role does it play in heat 
transfer? 

¢ What is Fourier’s law? Can you write the equation from memory? 

e If heat transfer by conduction through a medium occurs under steady-state conditions, 
will the temperature at a particular instant vary with location in the medium? Will the 
temperature at a particular location vary with time? 
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¢ What is the difference between natural convection and forced convection? 

¢ What conditions are necessary for the development of a hydrodynamic boundary layer? 
A thermal boundary layer? What varies across a hydrodynamic boundary layer? Across 
a thermal boundary layer? 

¢ If convection heat transfer for flow of a liquid or a vapor is not characterized by 
liquid/vapor phase change, what is the nature of the energy being transferred? What is it 
if there is such a phase change? 

¢ What is Newton’s law of cooling? Can you write the equation from memory? 

¢ What role is played by the convection heat transfer coefficient in Newton’s law of 
cooling? What are its units? 

¢ What effect does convection heat transfer from or to a surface have on the solid 
bounded by the surface? 

¢ What is predicted by the Stefan—Boltzmann law, and what unit of temperature must be 
used with the law? Can you write the equation from memory? 

¢ What is the emissivity, and what role does it play in characterizing radiation transfer at 
a surface? 

¢ What is irradiation? What are its units? 

¢ What two outcomes characterize the response of an opaque surface to incident radia- 
tion? Which outcome affects the thermal energy of the medium bounded by the surface 
and how? What property characterizes this outcome? 

¢ What conditions are associated with use of the radiation heat transfer coefficient? 

¢ Can you write the equation used to express net radiation exchange between a small 
isothermal surface and a large isothermal enclosure? 

* Consider the surface of a solid that is at an elevated temperature and exposed to cooler 
surroundings. By what mode(s) is heat transferred from the surface if (1) it is in inti- 
mate (perfect) contact with another solid, (2) it is exposed to the flow of a liquid, (3) it 
is exposed to the flow of a gas, and (4) it is in an evacuated chamber? 

¢ What is the inherent difference between the application of conservation of energy over 
a time interval and at an instant of time? 

¢ What is thermal energy storage? How does it differ from thermal energy generation? 
What role do the terms play in a surface energy balance? 


EXAMPLE 1.10 


A closed container filled with hot coffee is in a room whose air and walls are at a fixed tem- 
perature. Identify all heat transfer processes that contribute to the cooling of the coffee. 
Comment on features that would contribute to a superior container design. 


SOLUTION 
CS 


Known: Hot coffee is separated from its cooler surroundings by a plastic flask, an air 
space, and a plastic cover. 


Find: Relevant heat transfer processes. 
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Schematic: 
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Comments: 
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Pathways for energy transfer from the coffee are as follows: 
qi: free convection from the coffee to the flask. 


q3: free convection from the flask to the air. 
qa: free convection from the air to the cover. 


qs: het radiation exchange between the outer surface of the flask and the inner surface 


q;. free convection from the cover to the room air. 
qs: net radiation exchange between the outer surface of the cover and the surroundings. 


Design improvements are associated with (1) use of aluminized (low- 
emissivity) surfaces for the flask and cover to reduce net radiation, and (2) evacuating the 
air space or using a filler material to retard free convection. 
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Conduction 


1.1 


1.2 


The thermal conductivity of a sheet of rigid, extruded 

insulation is reported to be k = 0.029 W/m-K. The 

measured temperature difference across a 20-mm-thick 

sheet of the material is T, — T, = 10°C. 

(a) What is the heat flux through a 2 m X 2 m sheet of 
the insulation? 

(b) What is the rate of heat transfer through the sheet 
of insulation? 


The heat flux that is applied to the left face of a plane 
wall is g” = 20 W/m?. The wall is of thickness L = 10 
mm and of thermal conductivity k = 12 W/m-K. If the 
surface temperatures of the wall are measured to be 
50°C on the left side and 30°C on the right side, do 
steady-state conditions exist? 


13 |A concrete wall, which has a surface area of 20 m? and 


1.4 


1.5 


1.6 


is 0.30 m thick, separates conditioned room air from 
ambient air. The temperature of the inner surface of the 
wall is maintained at 25°C, and the thermal conductiv- 
ity of the concrete is 1 W/m: K. 


(a) Determine the heat loss through the wall for outer 
surface temperatures ranging from —15°C to 38°C, 
which correspond to winter and summer extremes, 
respectively. Display your results graphically. 


(b 


= 


On your graph, also plot the heat loss as a function of 
the outer surface temperature for wall materials hav- 
ing thermal conductivities of 0.75 and 1.25 W/m: K. 
Explain the family of curves you have obtained. 


The concrete slab of a basement is 11 m long, 8 m wide, 
and 0.20 m thick. During the winter, temperatures are 
nominally 17°C and 10°C at the top and bottom surfaces, 
respectively. If the concrete has a thermal conductivity 
of 1.4 W/m:K, what is the rate of heat loss through the 
slab? If the basement is heated by a gas furnace operat- 
ing at an efficiency of y, = 0.90 and natural gas is priced 
at C, = $0.02/MJ, what is the daily cost of the heat loss? 


Consider Figure 1.3. The heat flux in the x-direction is 
g. = 10 W/m’, the thermal conductivity and wall thick- 
ness are k = 2.3 W/m:K and L = 20 mn, respectively, 
and steady-state conditions exist. Determine the value of 
the temperature gradient in units of K/m. What is the 
value of the temperature gradient in units of °C/m? 


The heat flux through a wood slab 50 mm thick, whose 
inner and outer surface temperatures are 40 and 20°C, 
respectively, has been determined to be 40 W/m’. What 
is the thermal conductivity of the wood? 


1.7 


1.8 


Compressor 


1.9 


1.10 


The inner and outer surface temperatures of a glass 
window 5 mm thick are 15 and 5°C. What is the heat 
loss through a 1 m X 3 m window? The thermal con- 
ductivity of glass is 1.4 W/m: K. 


A thermodynamic analysis of a proposed Brayton cycle 
gas turbine yields P = 5 MW of net power production. 
The compressor, at an average temperature of T. = 400°C, 
is driven by the turbine at an average temperature of 
T, = 1000°C by way of an L = 1-m-long, d = 70-mm- 
diameter shaft of thermal conductivity k = 40 W/m: K. 


Turbine 


Mout 
(a) Compare the steady-state conduction rate through 
the shaft connecting the hot turbine to the warm 
compressor to the net power predicted by the ther- 
modynamics-based analysis. 


(b) A research team proposes to scale down the gas 
turbine of part (a), keeping all dimensions in the 
same proportions. The team assumes that the same 
hot and cold temperatures exist as in part (a) and 
that the net power output of the gas turbine is pro- 
portional to the overall volume of the device. Plot 
the ratio of the conduction through the shaft to the 
net power output of the turbine over the range 
0.005 m = L = 1 m. Is a scaled-down device with 
L = 0.005 m feasible? 


A glass window of width W = 1 mand height H = 2m 
is 5 mm thick and has a thermal conductivity of k, = 
1.4 W/m: K. If the inner and outer surface temperatures 
of the glass are 15°C and —20°C, respectively, on a 
cold winter day, what is the rate of heat loss through the 
glass? To reduce heat loss through windows, it is cus- 
tomary to use a double pane construction in which 
adjoining panes are separated by an air space. If the 
spacing is 10 mm and the glass surfaces in contact with 
the air have temperatures of 10°C and —15°C, what 
is the rate of heat loss from a 1 m X 2 m window? The 
thermal conductivity of air is k, = 0.024 W/m:K. 


A freezer compartment consists of a cubical cavity that 
is 2m on a side. Assume the bottom to be perfectly 
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1.12 


1.13 


1.14 


1.15 


1.16 
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insulated. What is the minimum thickness of styrofoam 
insulation (k = 0.030 W/m - K) that must be applied to the 
top and side walls to ensure a heat load of less than 500 W, 
when the inner and outer surfaces are — 10 and 35°C? 


The heat flux that is applied to one face of a plane wall 
is q" = 20 W/m’. The opposite face is exposed to air at 
temperature 30°C, with a convection heat transfer coef- 
ficient of 20 W/m: K. The surface temperature of the 
wall exposed to air is measured and found to be 50°C. 
Do steady-state conditions exist? If not, is the tempera- 
ture of the wall increasing or decreasing with time? 


An inexpensive food and beverage container is fabricated 
from 25-mm-thick polystyrene (k = 0.023 W/m: K) and 
has interior dimensions of 0.8 m X 0.6 m X 0.6 m. Under 
conditions for which an inner surface temperature of 
approximately 2°C is maintained by an ice-water mixture 
and an outer surface temperature of 20°C is maintained 
by the ambient, what is the heat flux through the container 
wall? Assuming negligible heat gain through the 0.8 m x 
0.6 m base of the cooler, what is the total heat load for the 
prescribed conditions? 


What is the thickness required of a masonry wall having 
thermal conductivity 0.75 W/m: K if the heat rate is to be 
80% of the heat rate through a composite structural wall 
having a thermal conductivity of 0.25 W/m-K and a 
thickness of 100 mm? Both walls are subjected to the 
same surface temperature difference. 


A wall is made from an inhomogeneous (nonuniform) 
material for which the thermal conductivity varies 
through the thickness according to k = ax + b, where a 
and b are constants. The heat flux is known to be con- 
stant. Determine expressions for the temperature gradi- 
ent and the temperature distribution when the surface at 
x = 0 is at temperature T). 


The 5-mm-thick bottom of a 200-mm-diameter pan 
may be made from aluminum (k = 240 W/m:K) or 
copper (k = 390 W/m-K). When used to boil water, 
the surface of the bottom exposed to the water is nomi- 
nally at 110°C. If heat is transferred from the stove to 
the pan at a rate of 600 W, what is the temperature 
of the surface in contact with the stove for each of the 
two materials? 


A square silicon chip (k = 150 W/m-K) is of width 
w =5mm on a side and of thickness t = 1 mm. The 
chip is mounted in a substrate such that its side and 
back surfaces are insulated, while the front surface is 
exposed to a coolant. If 4 W are being dissipated in cir- 
cuits mounted to the back surface of the chip, what is 
the steady-state temperature difference between back 
and front surfaces? 


Coolant 


Convection 


1.17 


1.18 


1.19 


For a boiling process such as shown in Figure 1.5c, the 
ambient temperature T,, in Newton’s law of cooling is 
replaced by the saturation temperature of the fluid 7,,,. 
Consider a situation where the heat flux from the hot 
plate is g” = 20 X 10° W/m’. If the fluid is water at 
atmospheric pressure and the convection heat transfer 
coefficient is h, = 20 X 10° W/m?:K, determine the 
upper surface temperature of the plate, 7,,,,. In an effort 
to minimize the surface temperature, a technician 
proposes replacing the water with a dielectric fluid 
whose saturation temperature is T, 7 = 52°C. If the 
heat transfer coefficient associated with the dielectric 
fluid is hy = 3 X 10° W/m?-K, will the technician’s 
plan work? 


You’ve experienced convection cooling if you’ve ever 
extended your hand out the window of a moving vehi- 
cle or into a flowing water stream. With the surface of 
your hand at a temperature of 30°C, determine the con- 
vection heat flux for (a) a vehicle speed of 35 km/h in 
air at —5°C with a convection coefficient of 40 
W/m? :K and (b) a velocity of 0.2 m/s in a water stream 
at 10°C with a convection coefficient of 900 W/m? :K. 
Which condition would feel colder? Contrast these 
results with a heat loss of approximately 30 W/m? 
under normal room conditions. 


Air at 40°C flows over a long, 25-mm-diameter cylinder 
with an embedded electrical heater. In a series of tests, 
measurements were made of the power per unit length, 
P’, required to maintain the cylinder surface tempera- 
ture at 300°C for different free stream velocities V of the 
air. The results are as follows: 


12 
1963 


Air velocity, V (m/s) 1 2 4 8 
Power, P’ (W/m) 450 658 983 1507 


(a) Determine the convection coefficient for each 
velocity, and display your results graphically. 

(b) Assuming the dependence of the convection coeffi- 
cient on the velocity to be of the form h = CV”, 
determine the parameters C and n from the results 
of part (a). 


a Problems 


1.20 A wall has inner and outer surface temperatures of 16 


and 6°C, respectively. The interior and exterior air tem- 
peratures are 20 and 5°C, respectively. The inner and 
outer convection heat transfer coefficients are 5 and 
20 W/mK, respectively. Calculate the heat flux from 
the interior air to the wall, from the wall to the exterior 
air, and from the wall to the interior air. Is the wall 
under steady-state conditions? 


1.21 An electric resistance heater is embedded in a long 


cylinder of diameter 30 mm. When water with a tem- 
perature of 25°C and velocity of 1 m/s flows crosswise 
over the cylinder, the power per unit length required to 
maintain the surface at a uniform temperature of 90°C 
is 28 kW/m. When air, also at 25°C, but with a velocity 
of 10 m/s is flowing, the power per unit length required 
to maintain the same surface temperature is 400 W/m. 
Calculate and compare the convection coefficients for 
the flows of water and air. 


1.22 The free convection heat transfer coefficient on a thin 


hot vertical plate suspended in still air can be deter- 
mined from observations of the change in plate temper- 
ature with time as it cools. Assuming the plate is 
isothermal and radiation exchange with its surround- 
ings is negligible, evaluate the convection coefficient at 
the instant of time when the plate temperature is 225°C 
and the change in plate temperature with time (dT/drt) is 
—0.022 K/s. The ambient air temperature is 25°C and 
the plate measures 0.3 X 0.3 m with a mass of 3.75 kg 
and a specific heat of 2770 J/kg K. 


1.23 A transmission case measures W = 0.30 m on a side 


and receives a power input of P; = 150 hp from the 
engine. 


Transmission case, 7, T, 


If the transmission efficiency is 7 = 0.93 and airflow 
over the case corresponds to T,, = 30°C and h = 200 
W/m’:K, what is the surface temperature of the 
transmission? 


1.24 


1.25 


1.26 


1.27 


ol 


A cartridge electrical heater is shaped as a cylinder of 
length L = 200 mm and outer diameter D = 20 mm. 
Under normal operating conditions, the heater dissipates 
2 kW while submerged in a water flow that is at 20°C 
and provides a convection heat transfer coefficient of 
h = 5000 W/m? -K. Neglecting heat transfer from the 
ends of the heater, determine its surface temperature T,. 
If the water flow is inadvertently terminated while the 
heater continues to operate, the heater surface is 
exposed to air that is also at 20°C but for which h = 50 
W/m*+K. What is the corresponding surface tempera- 
ture? What are the consequences of such an event? 


A common procedure for measuring the velocity of an 
airstream involves the insertion of an electrically heated 
wire (called a hot-wire anemometer) into the airflow, 
with the axis of the wire oriented perpendicular to the 
flow direction. The electrical energy dissipated in 
the wire is assumed to be transferred to the air by forced 
convection. Hence, for a prescribed electrical power, the 
temperature of the wire depends on the convection coef- 
ficient, which, in turn, depends on the velocity of the air. 
Consider a wire of length L = 20mm and diameter 
D=0.5 mm, for which a calibration of the form 
V = 6.25 X 10> h’ has been determined. The velocity V 
and the convection coefficient h have units of m/s and 
W/m*:K, respectively. In an application involving air at 
a temperature of T,, = 25°C, the surface temperature of 
the anemometer is maintained at T, = 75°C with a volt- 
age drop of 5 V and an electric current of 0.1 A. What is 
the velocity of the air? 


A square isothermal chip is of width w = 5 mm on a 
side and is mounted in a substrate such that its side and 
back surfaces are well insulated; the front surface is 
exposed to the flow of a coolant at T,, = 15°C. From 
reliability considerations, the chip temperature must not 
exceed T = 85°C. 


— 


Coolant ; 


If the coolant is air and the corresponding convection 
coefficient is h = 200 W/m?-K, what is the maximum 
allowable chip power? If the coolant is a dielectric 
liquid for which h = 3000 W/m?:K, what is the maxi- 
mum allowable power? 


The temperature controller for a clothes dryer consists 
of a bimetallic switch mounted on an electrical heater 
attached to a wall-mounted insulation pad. 
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Dryer wall 


Insulation pad 
Electrical heater 
Bimetallic switch 


The switch is set to open at 70°C, the maximum dryer 
air temperature. To operate the dryer at a lower air tem- 
perature, sufficient power is supplied to the heater such that 
the switch reaches 70°C (T,.,.) when the air temperature T 
is less than T7,,,. If the convection heat transfer coefficient 
between the air and the exposed switch surface of 30 mm? 
is 25 W/m*:K, how much heater power P, is required 


when the desired dryer air temperature is T,, = 50°C? 


Radiation 


1.28 


1.29 


1.30 


1.31 


An overhead 25-m-long, uninsulated industrial steam 
pipe of 100-mm diameter is routed through a building 
whose walls and air are at 25°C. Pressurized steam 
maintains a pipe surface temperature of 150°C, and the 
coefficient associated with natural convection is h = 10 
W/m? : K. The surface emissivity is ¢ = 0.8. 


(a) What is the rate of heat loss from the steam line? 


(b) If the steam is generated in a gas-fired boiler oper- 
ating at an efficiency of n,; = 0.90 and natural gas is 
priced at C, = $0.02 per MJ, what is the annual 
cost of heat loss from the line? 


Under conditions for which the same room temperature 
is maintained by a heating or cooling system, it is not 
uncommon for a person to feel chilled in the winter but 
comfortable in the summer. Provide a plausible expla- 
nation for this situation (with supporting calculations) 
by considering a room whose air temperature is main- 
tained at 20°C throughout the year, while the walls of 
the room are nominally at 27°C and 14°C in the sum- 
mer and winter, respectively. The exposed surface of a 
person in the room may be assumed to be at a tempera- 
ture of 32°C throughout the year and to have an emis- 
sivity of 0.90. The coefficient associated with heat 
transfer by natural convection between the person and 
the room air is approximately 2 W/m? K. 


A spherical interplanetary probe of 0.5-m diameter con- 
tains electronics that dissipate 150 W. If the probe surface 
has an emissivity of 0.8 and the probe does not receive 
radiation from other surfaces, as, for example, from the 
sun, what is its surface temperature? 


An instrumentation package has a spherical outer surface 
of diameter D = 100 mm and emissivity ¢ = 0.25. The 
package is placed in a large space simulation chamber 
whose walls are maintained at 77 K. If operation of the 
electronic components is restricted to the temperature 


1.32 


1.33 


1.34 


range 40 = T =< 85°C, what is the range of acceptable 
power dissipation for the package? Display your results 
graphically, showing also the effect of variations in the 
emissivity by considering values of 0.20 and 0.30. 


Consider the conditions of Problem 1.22. However, now 
the plate is in a vacuum with a surrounding temperature 
of 25°C. What is the emissivity of the plate? What is the 
rate at which radiation is emitted by the surface? 


If 7, ~ Ty, in Equation 1.9, the radiation heat transfer 
coefficient may be approximated as 


h.4= 4coT? 


where T= (T, + T,,,)/2. We wish to assess the validity 
of this approximation by comparing values of h, and 
h,., for the following conditions. In each case, represent 
your results graphically and comment on the validity of 
the approximation. 


(a) Consider a surface of either polished aluminum (¢ = 
0.05) or black paint (¢ = 0.9), whose temperature 
may exceed that of the surroundings (T,,, = 25°C) 
by 10 to 100°C. Also compare your results with val- 
ues of the coefficient associated with free convection 
in air (T., = T,,,), where h(W/m? -K) = 0.98 AT". 
Consider initial conditions associated with placing a 
workpiece at T, = 25°C in a large furnace whose 
wall temperature may be varied over the range 100 = 
Ty: = 1000°C. According to the surface finish or 
coating, its emissivity may assume values of 0.05, 
0.2, and 0.9. For each emissivity, plot the relative 
error, (h,—h,.,)/h,, as a function of the furnace 
temperature. 


(b) 


ra 


A vacuum system, as used in sputtering electrically con- 
ducting thin films on microcircuits, is comprised of a 
baseplate maintained by an electrical heater at 300 K and 
a shroud within the enclosure maintained at 77 K by a 
liquid-nitrogen coolant loop. The circular baseplate, 
insulated on the lower side, is 0.3 m in diameter and has 
an emissivity of 0.25. 


+—— Vacuum 
enclosure 


Liquid-nitrogen 
filled shroud 


he <— JN, 


Electrical heater 
— Baseplate 


a Problems 


(a) How much electrical power must be provided to 
the baseplate heater? 


(b) At what rate must liquid nitrogen be supplied to the 
shroud if its heat of vaporization is 125 kJ/kg? 


(c) To reduce the liquid nitrogen consumption, it is 
proposed to bond a thin sheet of aluminum foil 
(€ = 0.09) to the baseplate. Will this have the desired 
effect? 


Relationship to Thermodynamics 


1.35 


1.36 


An electrical resistor is connected to a battery, as 
shown schematically. After a brief transient, the resistor 
assumes a nearly uniform, steady-state temperature of 
95°C, while the battery and lead wires remain at the 
ambient temperature of 25°C. Neglect the electrical 
resistance of the lead wires. 


1=6A 


Resistor 
Battery 


Air 
T, = 25C 


Lead wire 


(a) Consider the resistor as a system about which 
a control surface is placed and Equation 1.12c 
is applied. Determine the corresponding values of 
E,,(W), E,(W), E,y(W), and £,(W). If a control 
surface is placed about the entire system, what are 
the values of Bx E, Evus and E,? 


(b) If electrical energy is dissipated uniformly within the 
resistor, which is a cylinder of diameter D = 60 mm 
and length L = 250 mm, what is the volumetric heat 


generation rate, 7 (W/m*)? 


(c) 


Neglecting radiation from the resistor, what is the 
convection coefficient? 


Pressurized water (p;, = 10 bar, 7;, = 110°C) enters the 
bottom of an L = 10-m-long vertical tube of diameter 
D = 100 mm at a mass flow rate of m = 1.5 kg/s. The 
tube is located inside a combustion chamber, resulting 
in heat transfer to the tube. Superheated steam exits the 
top of the tube at p,,, = 7 bar, T,,4, = 600°C. Determine 
the change in the rate at which the following quantities 
enter and exit the tube: (a) the combined thermal and 
flow work, (b) the mechanical energy, and (c) the total 
energy of the water. Also, (d) determine the heat trans- 
fer rate, g. Hint: Relevant properties may be obtained 
from a thermodynamics text. 


1.37 


1.38 


1.39 


33 


Consider the tube and inlet conditions of Problem 1.36. 
Heat transfer at a rate of g = 3.89 MW is delivered to 
the tube. For an exit pressure of p = 8 bar, determine 
(a) the temperature of the water at the outlet as well as 
the change in (b) combined thermal and flow work, 
(c) mechanical energy, and (d) total energy of the water 
from the inlet to the outlet of the tube. Hint: As a first 
estimate, neglect the change in mechanical energy in 
solving part (a). Relevant properties may be obtained 
from a thermodynamics text. 


An internally reversible refrigerator has a modified 
coefficient of performance accounting for realistic heat 
transfer processes of 


Gin din _ T 3 
W Jou ~ Gin Ti, =, 


ct 


COP, = 


where qj, is the refrigerator cooling rate, g,, is the heat 
rejection rate, and W is the power input. Show that COP, 
can be expressed in terms of the reservoir temperatures 
T, and T,, the cold and hot thermal resistances R,.. and 
Ry, aNd Gin, AS 


where R,,, = R,.. + R,». Also, show that the power input 
may be expressed as 


Wwe P Ti, — Te + GinRrot 
7 I, at Gin Brot 
qT, 
Thi : 
; High-temperature 
Internally side resistance 
v—_ reversible 


Low-temperature 


refrigerator : : 
side resistance 


in 


Low-temperature ‘ 
reservoir 


A household refrigerator operates with cold- and 
hot-temperature reservoirs of T, = 5°C and T,, = 25°C, 
respectively. When new, the cold and hot side resistances 
are R., = 0.05 K/W and R,,,, = 0.04 K/W, respectively. 
Over time, dust accumulates on the refrigerator’s con- 
denser coil, which is located behind the refrigerator, 
increasing the hot side resistance to R;,;, = 0.1 K/W. It is 
desired to have a refrigerator cooling rate of g;, = 750 W. 
Using the results of Problem 1.38, determine the modified 
coefficient of performance and the required power input 
W under (a) clean and (b) dusty coil conditions. 
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Energy Balance and Multimode Effects 


1.40 


1.41 


1.42 


Chips of width L = 15 mm on a side are mounted to a 
substrate that is installed in an enclosure whose walls 
and air are maintained at a temperature of 7,,, = 25°C. 
The chips have an emissivity of ¢ = 0.60 and a maxi- 
mum allowable temperature of T, = 85°C. 


Enclosure, Ty, 


Substrate 


Air 
Hes 10 Chip (7,, €) 


(a) If heat is rejected from the chips by radiation and 
natural convection, what is the maximum operating 
power of each chip? The convection coefficient 
depends on the chip-to-air temperature difference 
and may be approximated as h = C(T, — T..)'", 
where C = 4.2 W/m’: K™. 


(b) If a fan is used to maintain airflow through the 
enclosure and heat transfer is by forced convection, 
with h = 250 W/m*-K, what is the maximum 


operating power? 


Consider the transmission case of Problem 1.23, but 
now allow for radiation exchange with the ground/ 
chassis, which may be approximated as large surround- 
ings at T,,, = 30°C. If the emissivity of the case is 
€ = 0.80, what is the surface temperature? 


One method for growing thin silicon sheets for photo- 
voltaic solar panels is to pass two thin strings of high 
melting temperature material upward through a bath of 
molten silicon. The silicon solidifies on the strings near 
the surface of the molten pool, and the solid silicon sheet 
is pulled slowly upward out of the pool. The silicon is 
replenished by supplying the molten pool with solid sili- 
con powder. Consider a silicon sheet that is W,, = 85 mm 
wide and ¢,, = 150 ym thick that is pulled at a velocity of 
V, = 20 mm/min. The silicon is melted by supplying 
electric power to the cylindrical growth chamber of 
height H = 350mm and diameter D = 300mm. The 
exposed surfaces of the growth chamber are at T, = 
320 K, the corresponding convection coefficient at the 


T, 


1.43 


1.44 


exposed surface is h = 8 W/m?:K, and the surface is 
characterized by an emissivity of ¢, = 0.9. The solid sili- 
con powder is at T,,; = 298 K, and the solid silicon sheet 
exits the chamber at T,,,, = 420 K. Both the surroundings 


and ambient temperatures are 7,, = T,,, = 298 K. 


Solid silicon powder | 


M T 
bd t Solid Ij 
kK T,, €, — silicon 
a | sheet 
e j . 
H Solid vy 
ri silicon a 
sheet | Molten silicon 
i— Molten silicon 
LAR UR Ge Crucible 
T 
—*| | +—————_ D 


(a) Determine the electric power, P..,, needed to oper- 
ate the system at steady state. 


(b) If the photovoltaic panel absorbs a time-averaged 
solar flux of g’, = 180 W/m? and the panel has a 
conversion efficiency (the ratio of solar power 
absorbed to electric power produced) of 7 = 0.20, 
how long must the solar panel be operated to pro- 
duce enough electric energy to offset the electric 
energy that was consumed in its manufacture? 


Heat is transferred by radiation and convection between 
the inner surface of the nacelle of the wind turbine of 
Example 1.3 and the outer surfaces of the gearbox and 
generator. The convection heat flux associated with 
the gearbox and the generator may be described 
by Fone = h(T sp _ T..) and Festi gzen = AT yen ~ T..)s 
respectively, where the ambient temperature T., ~ T, 
(which is the nacelle temperature) and h = 40 W/m’: K. 
The outer surfaces of both the gearbox and the generator 
are characterized by an emissivity of ¢ = 0.9. If the sur- 
face areas of the gearbox and generator are A,, = 6 m 


and A... = 4 m’, respectively, determine their surface 
temperatures. 
Radioactive wastes are packed in a long, thin-walled 


cylindrical container. The wastes generate thermal energy 
nonuniformly according to the relation g =q,[l — 
(r/r,)"], where q is the local rate of energy generation per 
unit volume, g, is a constant, and r, is the radius of the 
container. Steady-state conditions are maintained by sub- 
merging the container in a liquid that is at T,, and pro- 
vides a uniform convection coefficient h. 


a Problems 


4= 4 U- (lr,)?] 


Obtain an expression for the total rate at which energy 
is generated in a unit length of the container. Use this 
result to obtain an expression for the temperature T, of the 
container wall. 


1.45 An aluminum plate 4mm thick is mounted in a 


horizontal position, and its bottom surface is well insu- 
lated. A special, thin coating is applied to the top 
surface such that it absorbs 80% of any incident solar 
radiation, while having an emissivity of 0.25. The 
density p and specific heat c of aluminum are known to 
be 2700 kg/m? and 900 J/kg K, respectively. 


(a) Consider conditions for which the plate is at a tem- 
perature of 25°C and its top surface is suddenly 
exposed to ambient air at T,, = 20°C and to solar 
radiation that provides an incident flux of 900 W/m’. 
The convection heat transfer coefficient between the 
surface and the air is h = 20 W/m?-K. What is the 
initial rate of change of the plate temperature? 


(b) What will be the equilibrium temperature of the 
plate when steady-state conditions are reached? 


bo) The surface radiative properties depend on the spe- 
cific nature of the applied coating. Compute and plot 
the steady-state temperature as a function of the 
emissivity for 0.05 = ¢ = 1, with all other conditions 
remaining as prescribed. Repeat your calculations for 
values of as = 0.5 and 1.0, and plot the results with 
those obtained for a, = 0.8. If the intent is to maxi- 
mize the plate temperature, what is the most 
desirable combination of the plate emissivity and its 
absorptivity to solar radiation? 


1.46 A blood warmer is to be used during the transfusion of 


blood to a patient. This device is to heat blood taken 
from the blood bank at 10°C to 37°C at a flow rate of 
200 ml/min. The blood passes through tubing of length 
2 m, with a rectangular cross section 6.4 mm X 1.6 mm 
At what rate must heat be added to the blood to accom- 
plish the required temperature increase? If the fluid 
originates from a large tank with nearly zero velocity 
and flows vertically downward for its 2-m length, 
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estimate the magnitudes of kinetic and potential energy 
changes. Assume the blood’s properties are similar to 
those of water. 


Consider a carton of milk that is refrigerated at a tem- 
perature of T,, = 5°C. The kitchen temperature on a hot 
summer day is T,, = 30°C. If the four sides of the carton 
are of height and width L = 200 mm and w = 100 mm, 
respectively, determine the heat transferred to the milk 
carton as it sits on the kitchen counter for durations of 
t= 10s, 60s, and 300s before it is returned to the 
refrigerator. The convection coefficient associated with 
natural convection on the sides of the carton is h = 10 
W/m*:K. The surface emissivity is 0.90. Assume the 
milk carton temperature remains at 5°C during the 
process. Your parents have taught you the importance of 
refrigerating certain foods from the food safety perspec- 
tive. Comment on the importance of quickly returning 
the milk carton to the refrigerator from an energy con- 
servation point of view. 


The energy consumption associated with a home water 
heater has two components: (i) the energy that must be 
supplied to bring the temperature of groundwater to the 
heater storage temperature, as it is introduced to replace 
hot water that has been used; (ii) the energy needed to 
compensate for heat losses incurred while the water is 
stored at the prescribed temperature. In this problem, 
we will evaluate the first of these components for a 
family of four, whose daily hot water consumption is 
approximately 100 gal. If groundwater is available at 
15°C, what is the annual energy consumption associ- 
ated with heating the water to a storage temperature of 
55°C? For a unit electrical power cost of $0.18/kW -h, 
what is the annual cost associated with supplying hot 
water by means of (a) electric resistance heating or 
(b) a heat pump having a COP of 3. 


Liquid oxygen, which has a boiling point of 90 K and a 
latent heat of vaporization of 214 kJ/kg, is stored in 
a spherical container whose outer surface is of 500-mm 
diameter and at a temperature of —10°C. The container is 
housed in a laboratory whose air and walls are at 25°C. 


(a) If the surface emissivity is 0.20 and the heat transfer 
coefficient associated with free convection at the 
outer surface of the container is 10 W/m?: K, what is 
the rate, in kg/s, at which oxygen vapor must be 
vented from the system? 


(b) |Moisture in the ambient air will result in frost forma- 


— 


tion on the container, causing the surface emissivity 
to increase. Assuming the surface temperature and 
convection coefficient to remain at —10°C and 
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10 W/m?: K, respectively, compute the oxygen evap- 
oration rate (kg/s) as a function of surface emissivity 
over the range 0.2 = ¢ = 0.94. 


1.50 The emissivity of galvanized steel sheet, a common 
roofing material, is ¢ = 0.13 at temperatures around 
300 K, while its absorptivity for solar irradiation is 
as = 0.65. Would the neighborhood cat be comfortable 
walking on a roof constructed of the material on a 
day when G;= 750 W/m’, T..= 16°C, and h=7 
W/m?:K? Assume the bottom surface of the steel is 
insulated. 


1.51 Three electric resistance heaters of length L = 250 mm 
and diameter D = 25 mm are submerged in a 10-gal 
tank of water, which is initially at 295 K. The water 
may be assumed to have a density and specific heat of 
p = 990 kg/m? and c = 4180 J/kg: K. 


(a) If the heaters are activated, each dissipating 
q, = 500 W, estimate the time required to bring the 
water to a temperature of 335 K. 


(b) If the natural convection coefficient is given by an 
expression of the form h = 370 (T, — T)'°, where 
T, and T are temperatures of the heater surface 
and water, respectively, what is the temperature of 
each heater shortly after activation and just before 
deactivation? Units of h and (T, — T) are W/m? - K 


and K, respectively. 


(c 


YV 


If the heaters are inadvertently activated when the 
tank is empty, the natural convection coefficient 
associated with heat transfer to the ambient air at 
T., = 300K may be approximated as h = 0.70 
(T, — T.,)'. If the temperature of the tank walls is 
also 300 K and the emissivity of the heater surface 
is € = 0.85, what is the surface temperature of each 
heater under steady-state conditions? 


1.52 A hair dryer may be idealized as a circular duct through 
which a small fan draws ambient air and within which 
the air is heated as it flows over a coiled electric resis- 


tance wire. 
| Surroundings, Tyy, 
| Air 
glo 
| >| 
7 Electric resistor Fan 
Discharge ‘ 
<p - <— Inlet, V, 7; 
Li Vis | 
— 
Dryer, T,, € 


(a) If a dryer is designed to operate with an electric 
power consumption of P., = 500 W and to heat 
air from an ambient temperature of T; = 20°C to a 
discharge temperature of 7, = 45°C, at what volu- 
metric flow rate V should the fan operate? Heat loss 
from the casing to the ambient air and the surround- 
ings may be neglected. If the duct has a diameter of 
D=70 mm, what is the discharge velocity V, of 
the air? The density and specific heat of the air may 
be approximated as p = 1.10 kg/m* and c, = 1007 
J/kg - K, respectively. 

(b) Consider a dryer duct length of L = 150 mm and a 
surface emissivity of ¢« = 0.8. If the coefficient 
associated with heat transfer by natural convection 
from the casing to the ambient air is h=4 
W/m*:K and the temperature of the air and the 
surroundings is T., = Ty, = 20°C, confirm that 
the heat loss from the casing is, in fact, negligible. 
The casing may be assumed to have an average 
surface temperature of T, = 40°C. 


1.53 In one stage of an annealing process, 304 stainless steel 
sheet is taken from 300K to 1250K as it passes 
through an electrically heated oven at a speed 
of V, = 10 mm/s. The sheet thickness and width are 
t,= 8mm and W,=2m, respectively, while the 
height, width, and length of the oven are H, = 2m, 
W, = 2.4m, and L, = 25 m, respectively. The top and 
four sides of the oven are exposed to ambient air 
and large surroundings, each at 300 K, and the corre- 
sponding surface temperature, convection coefficient, 
and emissivity are T, = 350 K, h = 10 W/m?-K, and 
€, = 0.8. The bottom surface of the oven is also at 
350 K and rests on a 0.5-m-thick concrete pad whose 
base is at 300 K. Estimate the required electric power 
input, P.,,, to the oven. 


— 
| sur T.,h ——> Ty €5 
i L, ra 
Patec Steel sheet 
om = 


Concrete pad T, 


1.54 Convection ovens operate on the principle of inducing 
forced convection inside the oven chamber with a fan. 
A small cake is to be baked in an oven when the con- 
vection feature is disabled. For this situation, the free 
convection coefficient associated with the cake and its 
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pan is hy, = 3 W/m?-K. The oven air and wall are at 
temperatures T,, = T,,, = 180°C. Determine the heat 
flux delivered to the cake pan and cake batter when 
they are initially inserted into the oven and are at a tem- 
perature of 7; = 24°C. If the convection feature is acti- 
vated, the forced convection heat transfer coefficient is 
hy, = 27 W/m*: K. What is the heat flux at the batter or 
pan surface when the oven is operated in the convection 
mode? Assume a value of 0.97 for the emissivity of the 
cake batter and pan. 


Annealing, an important step in semiconductor materi- 
als processing, can be accomplished by rapidly heating 
the silicon wafer to a high temperature for a short 
period of time. The schematic shows a method involv- 
ing the use of a hot plate operating at an elevated tem- 
perature T;,. The wafer, initially at a temperature of T,,, 
is suddenly positioned at a gap separation distance 
L from the hot plate. The purpose of the analysis is to 
compare the heat fluxes by conduction through the gas 
within the gap and by radiation exchange between the 
hot plate and the cool wafer. The initial time rate of 
change in the temperature of the wafer, (dT,,/dt),, is also 
of interest. Approximating the surfaces of the hot plate 
and the wafer as blackbodies and assuming their diame- 
ter D to be much larger than the spacing L, the radiative 
heat flux may be expressed as q",q = o(T; — T?). 
The silicon wafer has a thickness of d = 0.78 mm, a 
density of 2700 kg/m*, and a specific heat of 875 
J/kg: K. The thermal conductivity of the gas in the gap 
is 0.0436 W/m-K. 


Hot plate, 7), 


‘ Stagnant gas, k 


Silicon wafer, 7), ; 


2 
d a : 
Positioner motion 


(a) For T, = 600°C and T,,;= 20°C, calculate the 
radiative heat flux and the heat flux by conduction 
across a gap distance of L = 0.2 mm. Also deter- 
mine the value of (dT,,/dt);, resulting from each of 


the heating modes. 


(b) 


For gap distances of 0.2, 0.5, and 1.0 mm, determine 


the heat fluxes and temperature-time change as a 
function of the hot plate temperature for 300 = 
T, = 1300°C. Display your results graphically. 
Comment on the relative importance of the two heat 
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transfer modes and the effect of the gap distance on 
the heating process. Under what conditions could a 
wafer be heated to 900°C in less than 10 s? 


In the thermal processing of semiconductor materials, 
annealing is accomplished by heating a silicon wafer 
according to a temperature-time recipe and then main- 
taining a fixed elevated temperature for a prescribed 
period of time. For the process tool arrangement shown 
as follows, the wafer is in an evacuated chamber 
whose walls are maintained at 27°C and within which 
heating lamps maintain a radiant flux gq" at its upper 
surface. The wafer is 0.78 mm thick, has a thermal con- 
ductivity of 30 W/m-K, and an emissivity that equals 
its absorptivity to the radiant flux (e« = a, = 0.65). For 
q’ = 3.0 X 10° W/m’, the temperature on its lower sur- 
face is measured by a radiation thermometer and found 
to have a value of T,,, = 997°C. 


O 0 O O 


Heating lamps Typ = 27°C 


Leitd i & 4 


gi’ = 3 x 10° Wim? 
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——en etl k, eo, 
L=0.78 mm Ty, = 997°C 


To avoid warping the wafer and inducing slip planes in 
the crystal structure, the temperature difference across 
the thickness of the wafer must be less than 2°C. Is this 
condition being met? 


A furnace for processing semiconductor materials is 
formed by a silicon carbide chamber that is zone-heated 
on the top section and cooled on the lower section. With 
the elevator in the lowest position, a robot arm inserts the 
silicon wafer on the mounting pins. In a production oper- 
ation, the wafer is rapidly moved toward the hot zone to 
achieve the temperature-time history required for the 
process recipe. In this position, the top and bottom sur- 
faces of the wafer exchange radiation with the hot and 
cool zones, respectively, of the chamber. The zone 
temperatures are T, = 1500 K and T. = 330 K, and the 
emissivity and thickness of the wafer are « = 0.65 and 
d=0.78 mm, respectively. With the ambient gas at 
T., = 700 K, convection coefficients at the upper and 
lower surfaces of the wafer are 8 and 4 W/m*: K, respec- 
tively. The silicon wafer has a density of 2700 kg/m? and 
a specific heat of 875 J/kg: K. 
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(a) For an initial condition corresponding to a wafer 
temperature of T,,; = 300 K and the position of the 
wafer shown schematically, determine the corre- 
sponding time rate of change of the wafer temper- 
ature, (dT,,/dt);. 


Determine the steady-state temperature reached 
by the wafer if it remains in this position. How 
significant is convection heat transfer for this 
situation? Sketch how you would expect the 
wafer temperature to vary as a function of verti- 
cal distance. 


(b) 


Single fuel cells such as the one of Example 1.5 can be 
scaled up by arranging them into a fuel cell stack. A stack 
consists of multiple electrolytic membranes that are 
sandwiched between electrically conducting bipolar 
plates. Air and hydrogen are fed to each membrane 
through flow channels within each bipolar plate, as 
shown in the sketch. With this stack arrangement, the 
individual fuel cells are connected in series, electrically, 
producing a stack voltage of Ey... = N X E,, where E, is 
the voltage produced across each membrane and N is the 
number of membranes in the stack. The electrical current 
is the same for each membrane. The cell voltage, E., as 
well as the cell efficiency, increases with temperature 
(the air and hydrogen fed to the stack are humidified to 
allow operation at temperatures greater than in Example 
1.5), but the membranes will fail at temperatures exceed- 
ing T= 85°C. Consider LX w membranes, where 
L = w = 100 mm, of thickness ¢,, = 0.43 mm, that each 
produce E,=0.6 V at 1=60A, and E., = 45 W of 
thermal energy when operating at T = 80°C. The exter- 
nal surfaces of the stack are exposed to air at T,, = 25°C 
and surroundings at T,,, = 30°C, with « = 0.88 and 
h = 150 W/m?:K. 
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(a) Find the electrical power produced by a stack that 
is Letack = 200 mm long, for bipolar plate thickness 
in the range 1 mm < 4,,< 10 mm. Determine the 
total thermal energy generated by the stack. 


(b 


S 


Calculate the surface temperature and explain 
whether the stack needs to be internally heated or 
cooled to operate at the optimal internal tempera- 
ture of 80°C for various bipolar plate thicknesses. 


(c) Identify how the internal stack operating tempera- 
ture might be lowered or raised for a given bipolar 
plate thickness, and discuss design changes that 
would promote a more uniform temperature distrib- 
ution within the stack. How would changes in the 
external air and surroundings temperature affect 
your answer? Which membrane in the stack is most 


likely to fail due to high operating temperature? 


Consider the wind turbine of Example 1.3. To reduce the 
nacelle temperature to T, = 30°C, the nacelle is vented 
and a fan is installed to force ambient air into and out of 
the nacelle enclosure. What is the minimum mass flow 
rate of air required if the air temperature increases to the 
nacelle surface temperature before exiting the nacelle? 
The specific heat of air is 1007 J/kg: K. 


Consider the conducting rod of Example 1.4 under 
steady-state conditions. As suggested in Comment 3, 
the temperature of the rod may be controlled by vary- 
ing the speed of airflow over the rod, which, in turn, 
alters the convection heat transfer coefficient. To con- 
sider the effect of the convection coefficient, generate 
plots of T versus J for values of h = 50, 100, and 
250 W/m?-K. Would variations in the surface emissiv- 
ity have a significant effect on the rod temperature? 
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a Problems 


A long bus bar (cylindrical rod used for making 
electrical connections) of diameter D is installed in a 
large conduit having a surface temperature of 30°C 
and in which the ambient air temperature is T, = 
30°C. The electrical resistivity, p.(uQ-m), of the 
bar material is a function of temperature, p,, = p, 
[1 +a(T-—T,)], where p,, = 0.0171 wO-m, T, = 
25°C, and a = 0.00396 K~!. The bar experiences free 
convection in the ambient air, and the convection 
coefficient depends on the bar diameter, as well 
as on the difference between the surface and ambient 
temperatures. The governing relation is of the 
form, h=CD°*> (T—T,)°*, where C= 1.21 
W-m '7-K~!%. The emissivity of the bar surface is 
e = 0.85. 


(a) Recognizing that the electrical resistance per unit 
length of the bar is R= p,/A,., where A, is its 
cross-sectional area, calculate the current-carrying 
capacity of a 20-mm-diameter bus bar if its tem- 
perature is not to exceed 65°C. Compare the rela- 
tive importance of heat transfer by free convection 
and radiation exchange. 


(b) To assess the trade-off between current-carrying 
capacity, operating temperature, and bar diameter, 
for diameters of 10, 20, and 40mm, plot the 
bar temperature T as a function of current for 
the range 100 = 7 = 5000 A. Also plot the ratio 
of the heat transfer by convection to the total heat 
transfer. 


A small sphere of reference-grade iron with a specific 
heat of 447 J/kg: K and a mass of 0.515 kg is suddenly 
immersed in a water—ice mixture. Fine thermocouple 
wires suspend the sphere, and the temperature is 
observed to change from 15 to 14°C in 6.35 s. The 
experiment is repeated with a metallic sphere of the 
same diameter, but of unknown composition with a 
mass of 1.263 kg. If the same observed temperature 
change occurs in 4.59 s, what is the specific heat of the 
unknown material? 


A 50mm X 45mm X 20mm cell phone charger 
has a surface temperature of T, = 33°C when plugged 
into an electrical wall outlet but not in use. The 
surface of the charger is of emissivity « = 0.92 and is 
subject to a free convection heat transfer coefficient 
of h = 4.5 W/m*:K. The room air and wall tempera- 
tures are T,, = 22°C and T,,, = 20°C, respectively. 
If electricity costs C = $0.18/kW-h, determine the 
daily cost of leaving the charger plugged in when not 
in use. 


= 510 J/kg*K 
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1.64 A spherical, stainless steel (AISI 302) canister is used to 


store reacting chemicals that provide for a uniform heat 
flux 4/ to its inner surface. The canister is suddenly sub- 
merged in a liquid bath of temperature T,, < 7;, where T; 
is the initial temperature of the canister wall. 


Canister Reacting chemicals 
r,= 0.6 m 
T,= 500 K tt T., = 300 K 
= 8055 kg/m? h = 500 W/m?eK 


Bath 


(a) Assuming negligible temperature gradients in the 
canister wall and a constant heat flux g/, develop an 
equation that governs the variation of the wall tem- 
perature with time during the transient process. 
What is the initial rate of change of the wall tem- 
perature if g/ = 10° W/m?? 


(b) What is the steady-state temperature of the wall? 


(c)|The convection coefficient depends on the velocity 


associated with fluid flow over the canister and 
whether the wall temperature is large enough to 
induce boiling in the liquid. Compute and plot the 
steady-state temperature as a function of h for 
the range 100 = < 10,000 W/m’-K. Is there a 
value of h below which operation would be 
unacceptable? 


1.65 A freezer compartment is covered with a 2-mm-thick 


layer of frost at the time it malfunctions. If the 
compartment is in ambient air at 20°C and a coefficient 
of h = 2 W/m?:K characterizes heat transfer by natural 
convection from the exposed surface of the layer, esti- 
mate the time required to completely melt the frost. 
The frost may be assumed to have a mass density of 
700 kg/m? and a latent heat of fusion of 334 kJ/kg. 
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A vertical slab of Wood’s metal is joined to a substrate on 
one surface and is melted as it is uniformly irradiated by a 
laser source on the opposite surface. The metal is initially 
at its fusion temperature of T;= 72°C, and the melt runs 
off by gravity as soon as it is formed. The absorptivity of 
the metal to the laser radiation is a, = 0.4, and its latent 
heat of fusion is hy= 33 kJ/kg. 


(a) Neglecting heat transfer from the irradiated surface 
by convection or radiation exchange with the 
surroundings, determine the instantaneous rate of 
melting in kg/s-m? if the laser irradiation is 5 kW/m”. 
How much material is removed if irradiation is main- 
tained for a period of 2 s? 


(b) Allowing for convection to ambient air, with 
T.. = 20°C and h=15 W/m*:K, and radiation 
exchange with large surroundings (e = 0.4, 


Tea; = 20°C), determine the instantaneous rate of 
melting during irradiation. 


A photovoltaic panel of dimension 2m X 4m is 
installed on the roof of a home. The panel is irradiated 
with a solar flux of G; = 700 W/m’, oriented normal to 
the top panel surface. The absorptivity of the panel to the 
solar irradiation is a; = 0.83, and the efficiency of con- 
version of the absorbed flux to electrical power is 
1n = PlasGsA = 0.553 — 0.001 K''T,, where T,, is the 
panel temperature expressed in kelvins and A is the solar 
panel area. Determine the electrical power generated for 
(a) a still summer day, in which T7,,, = 7, = 35°C, 
h = 10 W/m?- K, and (b) a breezy winter day, for which 
Toa, = Tx = —15°C, h = 30 W/m*+K. The panel emis- 
sivity is e = 0.90. 


Photovoltaic-panel, T,, 


Following the hot vacuum forming of a paper-pulp 
mixture, the product, an egg carton, is transported on a 
conveyor for 18s toward the entrance of a gas-fired 
oven where it is dried to a desired final water content. 
Very little water evaporates during the travel time. 
So, to increase the productivity of the line, it is pro- 
posed that a bank of infrared radiation heaters, which 
provide a uniform radiant flux of 5000 W/m?, be 
installed over the conveyor. The carton has an exposed 
area of 0.0625 m? and a mass of 0.220kg, 75% of 
which is water after the forming process. 


Bank of infrared radiant heaters 
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The chief engineer of your plant will approve the pur- 
chase of the heaters if they can reduce the water content 
by 10% of the total mass. Would you recommend the 
purchase? Assume the heat of vaporization of water is 
hy, = 2400 kJ/kg. 


Electronic power devices are mounted to a heat sink hav- 
ing an exposed surface area of 0.045 m? and an emissiv- 
ity of 0.80. When the devices dissipate a total power of 
20 W and the air and surroundings are at 27°C, the aver- 
age sink temperature is 42°C. What average temperature 
will the heat sink reach when the devices dissipate 30 W 
for the same environmental condition? 


Power device 


Toy = 27°C 


Heat sink, 7, 
Ay € 


Air 
T., = 27°C 


A computer consists of an array of five printed circuit 
boards (PCBs), each dissipating P, = 20 W of power. 
Cooling of the electronic components on a board is pro- 
vided by the forced flow of air, equally distributed in 
passages formed by adjoining boards, and the convec- 
tion coefficient associated with heat transfer from the 
components to the air is approximately h = 200 W/m? K. 
Air enters the computer console at a temperature of 
T; = 20°C, and flow is driven by a fan whose power 
consumption is P; = 25 W. 


Outlet air ¥, A 


ttt 


Inlet air V, T; 
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(a) If the temperature rise of the airflow, (7, — T;), is not 
to exceed 15°C, what is the minimum allowable volu- 
metric flow rate V of the air? The density and specific 
heat of the air may be approximated as p = 1.161 
kg/m? and c, = 1007 J/kg: K, respectively. 


(b) The component that is most susceptible to thermal 
failure dissipates 1 W/cm’ of surface area. To mini- 
mize the potential for thermal failure, where should 
the component be installed on a PCB? What is its 


surface temperature at this location? 


Consider a surface-mount type transistor on a circuit 
board whose temperature is maintained at 35°C. Air at 
20°C flows over the upper surface of dimensions 4 mm X 
8 mm with a convection coefficient of 50 W/m?: K. Three 
wire leads, each of cross section | mm X 0.25 mm and 
length 4 mm, conduct heat from the case to the circuit 
board. The gap between the case and the board is 0.2 mm. 


Transistor 
case 


*—_— Circuit 


board 


(a) Assuming the case is isothermal and neglecting radia- 
tion, estimate the case temperature when 150 mW is 
dissipated by the transistor and (1) stagnant air or (ii) a 
conductive paste fills the gap. The thermal conductiv- 
ities of the wire leads, air, and conductive paste are 
25, 0.0263, and 0.12 W/m: K, respectively. 


(b) 


Using the conductive paste to fill the gap, we wish to 


determine the extent to which increased heat dissipa- 
tion may be accommodated, subject to the constraint 
that the case temperature not exceed 40°C. Options 
include increasing the air speed to achieve a larger 
convection coefficient h and/or changing the lead 
wire material to one of larger thermal conductivity. 
Independently considering leads fabricated from 
materials with thermal conductivities of 200 and 
400 W/m: K, compute and plot the maximum allow- 
able heat dissipation for variations in h over the 
range 50 < h = 250 W/m’: K. 


The roof of a car in a parking lot absorbs a solar radiant 
flux of 800 W/m’, and the underside is perfectly insu- 
lated. The convection coefficient between the roof and 
the ambient air is 12 W/m?-K. 


(a) Neglecting radiation exchange with the surroundings, 
calculate the temperature of the roof under steady- 
state conditions if the ambient air temperature is 20°C. 
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(b) For the same ambient air temperature, calculate 
the temperature of the roof if its surface emissivity 
is 0.8. 


(c) 


The convection coefficient depends on airflow condi- 


tions over the roof, increasing with increasing air 
speed. Compute and plot the roof temperature as a 
function of h for 2 < h = 200 W/m’: K. 


Consider the conditions of Problem 1.22, but the sur- 
roundings temperature is 25°C and radiation exchange 
with the surroundings is not negligible. If the convec- 
tion coefficient is 6.4 W/m?:K and the emissivity of the 
plate is ¢ = 0.42, determine the time rate of change of 
the plate temperature, dT/dt, when the plate temperature 
is 225°C. Evaluate the heat loss by convection and the 
heat loss by radiation. 


Most of the energy we consume as food is converted to 
thermal energy in the process of performing all our bodily 
functions and is ultimately lost as heat from our bodies. 
Consider a person who consumes 2100 kcal per day (note 
that what are commonly referred to as food calories are 
actually kilocalories), of which 2000 kcal is converted to 
thermal energy. (The remaining 100 kcal is used to do 
work on the environment.) The person has a surface area 
of 1.8 m? and is dressed in a bathing suit. 


(a) The person is in a room at 20°C, with a convection 
heat transfer coefficient of 3 W/m?-K. At this air 
temperature, the person is not perspiring much. 
Estimate the person’s average skin temperature. 


(b) If the temperature of the environment were 33°C, 
what rate of perspiration would be needed to main- 
tain a comfortable skin temperature of 33°C? 


Consider Problem 1.1. 


(a) If the exposed cold surface of the insulation is at 
T> = 20°C, what is the value of the convection heat 
transfer coefficient on the cold side of the insulation 
if the surroundings temperature is T,,,. = 320 K, the 
ambient temperature is T,, = 5°C, and the emissiv- 
ity is e = 0.95? Express your results in units of 
W/m?: K and W/m?:°C. 


(b) 


Using the convective heat transfer coefficient you 


calculated in part (a), determine the surface tempera- 
ture, T>, as the emissivity of the surface is varied 
over the range 0.05 = ¢ = 0.95. The hot wall tem- 
perature of the insulation remains fixed at T, = 30°C. 
Display your results graphically. 


The wall of an oven used to cure plastic parts is of 
thickness L = 0.05 m and is exposed to large surround- 
ings and air at its outer surface. The air and the sur- 
roundings are at 300 K. 


(a) If the temperature of the outer surface is 400 K 
and its convection coefficient and emissivity are 
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h = 20 W/mK and ¢ = 0.8, respectively, what is 
the temperature of the inner surface if the wall has a 
thermal conductivity of k = 0.7 W/m*:K? 


Consider conditions for which the temperature of the 
inner surface is maintained at 600 K, while the air 
and large surroundings to which the outer surface is 
exposed are maintained at 300 K. Explore the effects 
of variations in k, h, and € on (1) the temperature of 
the outer surface, (ii) the heat flux through the wall, 
and (iii) the heat fluxes associated with convection 
and radiation heat transfer from the outer surface. 
Specifically, compute and plot the foregoing depen- 
dent variables for parametric variations about base- 
line conditions of k = 10 W/m: K, h = 20 W/m’: K, 
and ¢ = 0.5. The suggested ranges of the indepen- 
dent variables are 0.1 = k = 400 W/m:K,2 Shs 
200 W/m*: K, and 0.05 < ¢ < 1. Discuss the physi- 
cal implications of your results. Under what condi- 
tions will the temperature of the outer surface be less 
than 45°C, which is a reasonable upper limit to avoid 
burn injuries if contact is made? 


An experiment to determine the convection coefficient 
associated with airflow over the surface of a thick 
stainless steel casting involves the insertion of thermo- 
couples into the casting at distances of 10 and 20 mm 
from the surface along a hypothetical line normal to the 
surface. The steel has a thermal conductivity of 
15 W/m: K. If the thermocouples measure temperatures 
of 50 and 40°C in the steel when the air temperature is 
100°C, what is the convection coefficient? 


A thin electrical heating element provides a uniform 
heat flux q” to the outer surface of a duct through which 
airflows. The duct wall has a thickness of 10 mm and a 
thermal conductivity of 20 W/m: K. 


Duct 


Air 
_ ———4# — 
Voy 


Air 


Duct wall 
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Electrical 


ah f “heater 


Insulation 


(a) Ata particular location, the air temperature is 30°C 
and the convection heat transfer coefficient 
between the air and inner surface of the duct is 
100 W/m?:K. What heat flux g’% is required to 
maintain the inner surface of the duct at T; = 85°C? 


1.79 


1.80 


1.81 


1.82 


(b) For the conditions of part (a), what is the tempera- 


ture (T,,) of the duct surface next to the heater? 
and T, as a 


(c)| With 7; = 85°C, compute and plot q/ > 


function of the air-side convection coefficient h for 
the range 10 <= h < 200 W/m’: K. Briefly discuss 
your results. 


A rectangular forced air heating duct is suspended from 
the ceiling of a basement whose air and walls are at a 
temperature of T,, = T,,, = 5°C. The duct is 15 m long, 
and its cross section is 350 mm X 200 mm. 


(a) For an uninsulated duct whose average surface tem- 
perature is 50°C, estimate the rate of heat loss from 
the duct. The surface emissivity and convection 
coefficient are approximately 0.5 and 4 W/m’:K, 
respectively. 

If heated air enters the duct at 58°C and a velocity of 
4 m/s and the heat loss corresponds to the result of 
part (a), what is the outlet temperature? The density 
and specific heat of the air may be assumed to be 
p = 1.10 kg/m? and Cp = 1008 J/kg: K, respectively. 


(b) 


Consider the steam pipe of Example 1.2. The facilities 
manager wants you to recommend methods for reduc- 
ing the heat loss to the room, and two options are pro- 
posed. The first option would restrict air movement 
around the outer surface of the pipe and thereby reduce 
the convection coefficient by a factor of two. The sec- 
ond option would coat the outer surface of the pipe with 
a low emissivity (¢ = 0.4) paint. 


(a) Which of the foregoing options would you 
recommend? 


(b) 


To prepare for a presentation of your recommenda- 


tion to management, generate a graph of the heat 
loss qg’ as a function of the convection coefficient 
for 2<h=<20 W/m?’-K and emissivities of 0.2, 
0.4, and 0.8. Comment on the relative efficacy of 
reducing heat losses associated with convection and 
radiation. 


During its manufacture, plate glass at 600°C is cooled 
by passing air over its surface such that the convection 
heat transfer coefficient is h = 5 W/m’-K. To prevent 
cracking, it is known that the temperature gradient must 
not exceed 15°C/mm at any point in the glass during the 
cooling process. If the thermal conductivity of the glass 
is 1.4 W/m: K and its surface emissivity is 0.8, what is 
the lowest temperature of the air that can initially be 
used for the cooling? Assume that the temperature of 
the air equals that of the surroundings. 


The curing process of Example 1.9 involves exposure 
of the plate to irradiation from an infrared lamp and 
attendant cooling by convection and radiation exchange 


a Problems 


with the surroundings. Alternatively, in lieu of the 
lamp, heating may be achieved by inserting the plate in 
an oven whose walls (the surroundings) are maintained 
at an elevated temperature. 


(a) Consider conditions for which the oven walls are 
at 200°C, airflow over the plate is characterized by 
T.. = 20°C and h = 15 W/m’:K, and the coating 
has an emissivity of ¢ = 0.5. What is the tempera- 
ture of the plate? 


(b)| For ambient air temperatures of 20, 40, and 60°C, 
determine the plate temperature as a function of the 
oven wall temperature over the range from 150 to 
250°C. Plot your results, and identify conditions for 
which acceptable curing temperatures between 100 
and 110°C may be maintained. 


1.83 The diameter and surface emissivity of an electrically 


heated plate are D = 300 mm and € = 0.80, respectively. 


(a) Estimate the power needed to maintain a surface 
temperature of 200°C in a room for which the air 
and the walls are at 25°C. The coefficient character- 
izing heat transfer by natural convection depends 
on the surface temperature and, in units of 
W/m°*:K, may be approximated by an expression of 
the form h = 0.80(T, — T.,)'". 


(b)| Assess the effect of surface temperature on the 


power requirement, as well as on the relative con- 
tributions of convection and radiation to heat trans- 
fer from the surface. 


1.84 Bus bars proposed for use in a power transmission 


station have a rectangular cross section of height 
H = 600 mm and width W = 200 mm. The electrical 
resistivity, p,(wO-m), of the bar material is a function 
of temperature, p, = p.,.[1 + a(T — T,)], where p,, = 
0.0828 wO-m, T, = 25°C, and a = 0.0040 K~!. The 
emissivity of the bar’s painted surface is 0.8, and 
the temperature of the surroundings is 30°C. The con- 
vection coefficient between the bar and the ambient air 


at 30°C is 10 W/m? -K. 


(a) Assuming the bar has a uniform temperature T, 
calculate the steady-state temperature when a cur- 
rent of 60,000 A passes through the bar. 


(b)| Compute and plot the steady-state temperature of 


the bar as a function of the convection coefficient 
for 10=h=100 W/m?-K. What minimum 
convection coefficient is required to maintain a 
safe-operating temperature below 120°C? Will 
increasing the emissivity significantly affect this 
result? 
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1.85 A solar flux of 700 W/m? is incident on a flat-plate solar 


collector used to heat water. The area of the collector 
is 3 m’, and 90% of the solar radiation passes through 
the cover glass and is absorbed by the absorber 
plate. The remaining 10% is reflected away from the 
collector. Water flows through the tube passages on 
the back side of the absorber plate and is heated from 
an inlet temperature 7; to an outlet temperature T,. The 
cover glass, operating at a temperature of 30°C, has 
an emissivity of 0.94 and experiences radiation 
exchange with the sky at — 10°C. The convection coef- 
ficient between the cover glass and the ambient air at 
25°C is 10 W/m?:K. 


Fo 
ee el 


Cover glass 


Air space 


Absorber plate 
Water tubing 


Insulation 


(a) Perform an overall energy balance on the collector 
to obtain an expression for the rate at which useful 
heat is collected per unit area of the collector, ¢7. 
Determine the value of q’,. 


(b) Calculate the temperature rise of the water, T, — T,, 
if the flow rate is 0.01 kg/s. Assume the specific 
heat of the water to be 4179 J/kg: K. 


(c) The collector efficiency 7 is defined as the ratio of 
the useful heat collected to the rate at which solar 
energy is incident on the collector. What is the 
value of 1? 


Process Identification 


1.86 In analyzing the performance of a thermal system, the 


engineer must be able to identify the relevant heat 
transfer processes. Only then can the system behavior 
be properly quantified. For the following systems, iden- 
tify the pertinent processes, designating them by appro- 
priately labeled arrows on a sketch of the system. 
Answer additional questions that appear in the problem 
statement. 


(a) Identify the heat transfer processes that determine 
the temperature of an asphalt pavement on a sum- 
mer day. Write an energy balance for the surface of 
the pavement. 
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(b) Microwave radiation is known to be transmitted by 


(c) 


plastics, glass, and ceramics but to be absorbed 
by materials having polar molecules such as water. 
Water molecules exposed to microwave radiation 
align and reverse alignment with the microwave 
radiation at frequencies up to 10° s~', causing heat 
to be generated. Contrast cooking in a microwave 
oven with cooking in a conventional radiant or 
convection oven. In each case, what is the physical 
mechanism responsible for heating the food? 
Which oven has the greater energy utilization 
efficiency? Why? Microwave heating is being con- 
sidered for drying clothes. How would the opera- 
tion of a microwave clothes dryer differ from a 
conventional dryer? Which is likely to have the 
greater energy utilization efficiency? Why? 

To prevent freezing of the liquid water inside the 
fuel cell of an automobile, the water is drained to 
an onboard storage tank when the automobile is not 
in use. (The water is transferred from the tank back to 
the fuel cell when the automobile is turned on.) Con- 
sider a fuel cell-powered automobile that is parked 
outside on a very cold evening with T., = —20°C. 
The storage tank is initially empty at 7;,,= —20°C, 
when liquid water, at atmospheric pressure and tem- 
perature T;,, = 50°C, is introduced into the tank. The 
tank has a wall thickness ¢, and is blanketed with 
insulation of thickness ¢,,,. Identify the heat transfer 
processes that will promote freezing of the water. 
Will the likelihood of freezing change as the insula- 
tion thickness is modified? Will the likelihood of 
freezing depend on the tank wall’s thickness and 
material? Would freezing of the water be more likely 
if plastic (low thermal conductivity) or stainless steel 
(moderate thermal conductivity) tubing is used to 
transfer the water to and from the tank? Is there an 
optimal tank shape that would minimize the probabil- 
ity of the water freezing? Would freezing be more 
likely or less likely to occur if a thin sheet of alu- 
minum foil (high thermal conductivity, low emissiv- 
ity) is applied to the outside of the insulation? 


To fuel cell 


cam) 


Transfer 
tubing 


(d) Your grandmother is concerned about reducing 


her winter heating bills. Her strategy is to loosely 
fit rigid polystyrene sheets of insulation over her 
double-pane windows right after the first freezing 
weather arrives in the autumn. Identify the relevant 
heat transfer processes on a cold winter night when 
the foamed insulation sheet is placed (i) on the 
inner surface and (ii) on the outer surface of her 
window. To avoid condensation damage, which 
configuration is preferred? Condensation on the 
window pane does not occur when the foamed 
insulation is not in place. 


Cold, dry 
night air 


Warm, mois 
oom air 


Exterior pane 
Air gap 


Interior pane 


Insulation 
Insulation on inner surface 
Cold, dry Warm, mois 
night air room air 


Exterior pane 


Air gap 


Interior pane 


Insulation 


Insulation on outer surface 


(e) There is considerable interest in developing building 


materials with improved insulating qualities. The 
development of such materials would do much to 
enhance energy conservation by reducing space heat- 
ing requirements. It has been suggested that superior 
structural and insulating qualities could be obtained 
by using the composite shown. The material consists 
of a honeycomb, with cells of square cross section, 
sandwiched between solid slabs. The cells are filled 
with air, and the slabs, as well as the honeycomb 
matrix, are fabricated from plastics of low thermal 
conductivity. For heat transfer normal to the slabs, 
identify all heat transfer processes pertinent to the 
performance of the composite. Suggest ways in 
which this performance could be enhanced. 
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(h) A thermocouple junction is used to measure the tem- 
perature of a solid material. The junction is inserted 
into a small circular hole and is held in place by 
epoxy. Identify the heat transfer processes associated 

bese with the junction. Will the junction sense a tempera- 

bs ture less than, equal to, or greater than the solid tem- 
perature? How will the thermal conductivity of the 
epoxy affect the junction temperature? 


Hot solid 


Cellular 
air spaces 


Thermocouple 
. : : bead 
(f) A thermocouple junction (bead) is used to measure 


the temperature of a hot gas stream flowing through a WH 7 oe 
channel by inserting the junction into the mainstream Yj f-— 8 ae - 


of the gas. The surface of the channel is cooled such 
that its temperature is well below that of the gas. 
Identify the heat transfer processes associated with 
the junction surface. Will the junction sense a tem- 
perature that is less than, equal to, or greater than the 
gas temperature? A radiation shield is a small, open- 
ended tube that encloses the thermocouple junction, 1.87 In considering the following problems involving heat 


yet allows for passage of the gas through the tube. transfer in the natural environment (outdoors), recognize 
How does use of such a shield improve the accuracy that solar radiation is comprised of long and short wave- 
of the temperature measurement? length components. If this radiation is incident on a semi- 
transparent medium, such as water or glass, two things 

| will happen to the nonreflected portion of the radiation. 

Cool channel The long wavelength component will be absorbed at the 


Shield 


—- surface of the medium, whereas the short wavelength 
ee — oes, component will be transmitted by the surface. 
9 —_ 
— (a) The number of panes in a window can strongly influ- 
ence the heat loss from a heated room to the outside 
ambient air. Compare the single- and double-paned 


units shown by identifying relevant heat transfer 
(g) A double-glazed, glass fire screen is inserted processes for each case. 

between a wood-burning fireplace and the interior 
of a room. The screen consists of two vertical glass 
plates that are separated by a space through which 
room air may flow (the space is open at the top and 
bottom). Identify the heat transfer processes associ- 
ated with the fire screen. 


Double 
pane 


Room ee 
air — 


Air channel 
Single 


Glass plate pane 


(b) In a typical flat-plate solar collector, energy is col- 
lected by a working fluid that is circulated through 
tubes that are in good contact with the back face of 
an absorber plate. The back face is insulated from 
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the surroundings, and the absorber plate receives 
solar radiation on its front face, which is typically 
covered by one or more transparent plates. Identify 
the relevant heat transfer processes, first for the 
absorber plate with no cover plate and then for 
the absorber plate with a single cover plate. 


The solar energy collector design shown in the 
schematic has been used for agricultural applica- 
tions. Air is blown through a long duct whose 
cross section is in the form of an equilateral trian- 
gle. One side of the triangle is comprised of a 
double-paned, semitransparent cover; the other 
two sides are constructed from aluminum sheets 
painted flat black on the inside and covered on the 
outside with a layer of styrofoam insulation. Dur- 
ing sunny periods, air entering the system is heated 
for delivery to either a greenhouse, grain drying 
unit, or storage system. 


0... 


paned 
cover 


\ a i Styrofoam 


Identify all heat transfer processes associated with the 
cover plates, the absorber plate(s), and the air. 


(d) Evacuated-tube solar collectors are capable of 


Solar 
radiation 


Evacuated 


tubes 


Reflecting 


panel 


improved performance relative to flat-plate collec- 
tors. The design consists of an inner tube enclosed 
in an outer tube that is transparent to solar radia- 
tion. The annular space between the tubes is evacu- 
ated. The outer, opaque surface of the inner tube 
absorbs solar radiation, and a working fluid is 
passed through the tube to collect the solar energy. 
The collector design generally consists of a row of 
such tubes arranged in front of a reflecting panel. 
Identify all heat transfer processes relevant to the 
performance of this device. 
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Ra that conduction is the transport of energy in a medium due to a temperature gradi- 
ent, and the physical mechanism is one of random atomic or molecular activity. In Chapter 1 
we learned that conduction heat transfer is governed by Fourier’s law and that use of the 
law to determine the heat flux depends on knowledge of the manner in which temperature 
varies within the medium (the temperature distribution). By way of introduction, we 
restricted our attention to simplified conditions (one-dimensional, steady-state conduction 
in a plane wall). However, Fourier’s law is applicable to transient, multidimensional con- 
duction in complex geometries. 

The objectives of this chapter are twofold. First, we wish to develop a deeper understand- 
ing of Fourier’s law. What are its origins? What form does it take for different geometries? 
How does its proportionality constant (the thermal conductivity) depend on the physical 
nature of the medium? Our second objective is to develop, from basic principles, the general 
equation, termed the heat equation, which governs the temperature distribution in a medium. 
The solution to this equation provides knowledge of the temperature distribution, which may 
then be used with Fourier’s law to determine the heat flux. 


2.1 The Conduction Rate Equation 


Although the conduction rate equation, Fourier’s law, was introduced in Section 1.2, it 
is now appropriate to consider its origin. Fourier’s law is phenomenological, that is, it is 
developed from observed phenomena rather than being derived from first principles. Hence, 
we view the rate equation as a generalization based on much experimental evidence. For 
example, consider the steady-state conduction experiment of Figure 2.1. A cylindrical rod of 
known material is insulated on its lateral surface, while its end faces are maintained at differ- 
ent temperatures, with 7, > T,. The temperature difference causes conduction heat transfer 
in the positive x-direction. We are able to measure the heat transfer rate q,, and we seek to 
determine how q, depends on the following variables: AT, the temperature difference; Ax, 
the rod length; and A, the cross-sectional area. 

We might imagine first holding AT and Ax constant and varying A. If we do so, we find 
that g, is directly proportional to A. Similarly, holding AT and A constant, we observe that 
q, Varies inversely with Ax. Finally, holding A and Ax constant, we find that q, is directly 
proportional to AT. The collective effect is then 


AT 
a 


In changing the material (e.g., from a metal to a plastic), we would find that this proportion- 
ality remains valid. However, we would also find that, for equal values of A, Ax, and AT, 


AT =T,-T> 


LS eee T 


= Ax | 
X Ficure 2.1 Steady-state heat conduction experiment. 
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the value of g, would be smaller for the plastic than for the metal. This suggests that the 
proportionality may be converted to an equality by introducing a coefficient that is a measure 
of the material behavior. Hence, we write 


AT 


= kA = 
qx Ax 


where k, the thermal conductivity (W/m: K) is an important property of the material. Evalu- 
ating this expression in the limit as Ax — 0, we obtain for the heat rate 


or for the heat flux 


Recall that the minus sign is necessary because heat is always transferred in the direction of 
decreasing temperature. 

Fourier’s law, as written in Equation 2.2, implies that the heat flux is a directional quan- 
tity. In particular, the direction of g! is normal to the cross-sectional area A. Or, more 
generally, the direction of heat flow will always be normal to a surface of constant tempera- 
ture, called an isothermal surface. Figure 2.2 illustrates the direction of heat flow q’ in a plane 
wall for which the temperature gradient dT/dx is negative. From Equation 2.2, it follows that 
qd, is positive. Note that the isothermal surfaces are planes normal to the x-direction. 

Recognizing that the heat flux is a vector quantity, we can write a more general state- 
ment of the conduction rate equation (Fourier’s law) as follows: 


where V is the three-dimensional del operator and T(x, y, z) is the scalar temperature field. 
It is implicit in Equation 2.3 that the heat flux vector is in a direction perpendicular to the 
isothermal surfaces. An alternative form of Fourier’s law is therefore 


” wn” oT 
q= 77> kan (2.4) 


Ficure 2.2 The relationship between coordinate system, heat flow 


| ______,, direction, and temperature gradient in one dimension. 
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y 
n ] ; . 
Isotherm I FicuRE 2.3 The heat flux vector normal to an isotherm in a 
x 


two-dimensional coordinate system. 


where qj, is the heat flux in a direction n, which is normal to an isotherm, and n is the unit 
normal vector in that direction. This is illustrated for the two-dimensional case in Figure 2.3. 
The heat transfer is sustained by a temperature gradient along n. Note also that the heat flux 
vector can be resolved into components such that, in Cartesian coordinates, the general 
expression for q" is 


gig. jg, FkG, (2.5) 


where, from Equation 2.3, it follows that 
a pee ape eae o 
qi ka q k q: ke (2.6) 


Each of these expressions relates the heat flux across a surface to the temperature gradient 
in a direction perpendicular to the surface. It is also implicit in Equation 2.3 that the 
medium in which the conduction occurs is isotropic. For such a medium, the value of 
the thermal conductivity is independent of the coordinate direction. 

Fourier’s law is the cornerstone of conduction heat transfer, and its key features are 
summarized as follows. It is not an expression that may be derived from first principles; it 
is instead a generalization based on experimental evidence. It is an expression that defines 
an important material property, the thermal conductivity. In addition, Fourier’s law is a 
vector expression indicating that the heat flux is normal to an isotherm and in the direction 
of decreasing temperature. Finally, note that Fourier’s law applies for all matter, regardless of 
its state (solid, liquid, or gas). 


2.2 The Thermal Properties of Matter 


To use Fourier’s law, the thermal conductivity of the material must be known. This property, 
which is referred to as a transport property, provides an indication of the rate at which energy is 
transferred by the diffusion process. It depends on the physical structure of matter, atomic and 
molecular, which is related to the state of the matter. In this section we consider various forms 
of matter, identifying important aspects of their behavior and presenting typical property values. 


2.2.1 Thermal Conductivity 


From Fourier’s law, Equation 2.6, the thermal conductivity associated with conduction in 
the x-direction is defined as 
dg. 
x 
*" (dTI0x) 
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Similar definitions are associated with thermal conductivities in the y- and z-directions 
(k,, k.), but for an isotropic material the thermal conductivity is independent of the direction 
of transfer, k, = k, = k, =k. 

From the foregoing equation, it follows that, for a prescribed temperature gradient, the 
conduction heat flux increases with increasing thermal conductivity. In general, the thermal 
conductivity of a solid is larger than that of a liquid, which is larger than that of a gas. As 
illustrated in Figure 2.4, the thermal conductivity of a solid may be more than four orders 
of magnitude larger than that of a gas. This trend is due largely to differences in intermole- 
cular spacing for the two states. 


The Solid State In the modern view of materials, a solid may be comprised of free 
electrons and atoms bound in a periodic arrangement called the lattice. Accordingly, trans- 
port of thermal energy may be due to two effects: the migration of free electrons and 
lattice vibrational waves. When viewed as a particle-like phenomenon, the lattice vibration 
quanta are termed phonons. In pure metals, the electron contribution to conduction heat 
transfer dominates, whereas in nonconductors and semiconductors, the phonon contribution 
is dominant. 
Kinetic theory yields the following expression for the thermal conductivity [1]: 


Colne (2.7) 


For conducting materials such as metals, C = C, is the electron specific heat per unit vol- 
ume, c is the mean electron velocity, and A,,;, = A, is the electron mean free path, which is 
defined as the average distance traveled by an electron before it collides with either an 
imperfection in the material or with a phonon. In nonconducting solids, C = C,, is the 
phonon specific heat, c is the average speed of sound, and A,4;, = Ap, is the phonon mean 
free path, which again is determined by collisions with imperfections or other phonons. In 
all cases, the thermal conductivity increases as the mean free path of the energy carriers 
(electrons or phonons) is increased. 
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When electrons and phonons carry thermal energy leading to conduction heat transfer 
in a solid, the thermal conductivity may be expressed as 


k=k, + kop (2.8) 


To a first approximation, k, is inversely proportional to the electrical resistivity, p,. For pure 
metals, which are of low p,, k, is much larger than k,,,. In contrast, for alloys, which are of 
substantially larger p,, the contribution of k,, to k is no longer negligible. For nonmetallic 
solids, k is determined primarily by k,,, which increases as the frequency of interactions 
between the atoms and the lattice decreases. The regularity of the lattice arrangement has an 
important effect on k,,, with crystalline (well-ordered) materials like quartz having a higher 
thermal conductivity than amorphous materials like glass. In fact, for crystalline, nonmetal- 
lic solids such as diamond and beryllium oxide, k,, can be quite large, exceeding values of k 
associated with good conductors, such as aluminum. 

The temperature dependence of k is shown in Figure 2.5 for representative metallic and 
nonmetallic solids. Values for selected materials of technical importance are also provided 
in Table A.1 (metallic solids) and Tables A.2 and A.3 (nonmetallic solids). More detailed 
treatments of thermal conductivity are available in the literature [2]. 


The Solid State: Micro- and Nanoscale Effects In the preceding discussion, the bulk ther- 
mal conductivity is described, and the thermal conductivity values listed in Tables A.1 through 
A.3 are appropriate for use when the physical dimensions of the material of interest are rela- 
tively large. This is the case in many commonplace engineering problems. However, in several 
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areas of technology, such as microelectronics, the material’s characteristic dimensions can be 
on the order of micrometers or nanometers, in which case care must be taken to account for the 
possible modifications of k that can occur as the physical dimensions become small. 

Cross sections of films of the same material having thicknesses L, and L, are shown in 
Figure 2.6. Electrons or phonons that are associated with conduction of thermal energy are 
also shown qualitatively. Note that the physical boundaries of the film act to scatter the 
energy carriers and redirect their propagation. For large LI snip’ (Figure 2.6a), the effect of 
the boundaries on reducing the average energy carrier path length is minor, and conduction 
heat transfer occurs as described for bulk materials. However, as the film becomes thinner, 
the physical boundaries of the material can decrease the average net distance traveled by the 
energy carriers, as shown in Figure 2.6b. Moreover, electrons and phonons moving in 
the thin x-direction (representing conduction in the x-direction) are affected by the boundaries 
to a more significant degree than energy carriers moving in the y-direction. As such, for films 
characterized by small L/A,,;,, we find that k, < k, < k, where k is the bulk thermal conduc- 
tivity of the film material. 

For L/A nj) = 1, the predicted values of k, and k, may be estimated to within 20% from 
the following expression [1]: 


k. A mfp 

—* — 2. 

k 3L oe 
k, 2A mip 

-~=]— 2.9b 
k 3aL Gee) 


Equations 2.9a, b reveal that the values of k, and k, are within approximately 5% of the bulk 
thermal conductivity if L/A ng, > 7 (for k,) and TK oe > 4.5 (for k,). Values of the mean free 
path as well as critical film thicknesses below which microscale effects must be considered, 
Lei, are included in Table 2.1 for several materials at T~ 300K. For films with 
Aintp < L < Leit, &, and k, are reduced from the bulk value as indicated in Equations 2.9a,b. 


‘crit? 


oe FIGURE 2.6 Electron or phonon trajectories in 
li ae x (a) a relatively thick film and (6) a relatively thin 
(a) (b) film with boundary effects. 


'The quantity Amf/L is a dimensionless parameter known as the Knudsen number. Large Knudsen numbers 
(small L/A i) Suggest potentially significant nano- or microscale effects. 
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No general guidelines exist for predicting values of the thermal conductivities for 
LE) mtp < 1. Note that, in solids, the value of A,,;, decreases as the temperature increases. 

In addition to scattering from physical boundaries, as in the case of Figure 2.6), energy 
carriers may be redirected by chemical dopants embedded within a material or by grain 
boundaries that separate individual clusters of material in otherwise homogeneous matter. 
Nanostructured materials are chemically identical to their conventional counterparts but 
are processed to provide very small grain sizes. This feature impacts heat transfer by 
increasing the scattering and reflection of energy carriers at grain boundaries. 

Measured values of the thermal conductivity of a bulk, nanostructured yttria-stabilized 
zirconia material are shown in Figure 2.7. This particular ceramic is widely used for insulation 
purposes in high-temperature combustion devices. Conduction is dominated by phonon trans- 
fer, and the mean free path of the phonon energy carriers is, from Table 2.1, Aj, = 25 nm 
at 300K. As the grain sizes are reduced to characteristic dimensions less than 25 nm (and 
more grain boundaries are introduced in the material per unit volume), significant reduction of 
the thermal conductivity occurs. Extrapolation of the results of Figure 2.7 to higher tempera- 
tures is not recommended, since the mean free path decreases with increasing temperature 
(Aim = 4nm at T+ 1525K) and grains of the material may coalesce, merge, and enlarge 
at elevated temperatures. Therefore, L/A,,;, becomes larger at high temperatures, and 


TABLE 2.1 Mean free path and critical film thickness for 
various materials at T ~ 300 K [3,4] 


Material A mfp (am) Lerit,x (nm) Lerity (nm) 
Aluminum oxide 5.08 36 22 
Diamond (Ia) 315 2200 1400 
Gallium arsenide 23 160 100 
Gold 31 220 140 
Silicon 43 290 180 
Silicon dioxide 0.6 4 3 
Yttria-stabilized zirconia 25 170 110 


Thermal conductivity (W/m:K) 


r T=300'K)=25 nm 
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FIGURE 2.7 Measured thermal conductiv- 


0 100 200 300 400 500 ity of yttria-stabilized zirconia as a function 


Temperature (K) of temperature and mean grain size, L [3]. 
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reduction of & due to nanoscale effects becomes less pronounced. Research on heat trans- 
fer in nanostructured materials continues to reveal novel ways engineers can manipulate 
the nanostructure to reduce or increase thermal conductivity [5]. Potentially important 
consequences include applications such as gas turbine engine technology [6], microelec- 
tronics [7], and renewable energy [8]. 


The Fluid State The fluid state includes both liquids and gases. Because the intermole- 
cular spacing is much larger and the motion of the molecules is more random for the 
fluid state than for the solid state, thermal energy transport is less effective. The thermal 
conductivity of gases and liquids is therefore generally smaller than that of solids. 

The effect of temperature, pressure, and chemical species on the thermal conductivity 
of a gas may be explained in terms of the kinetic theory of gases [9]. From this theory it is 
known that the thermal conductivity is directly proportional to the density of the gas, the 
mean molecular speed c, and the mean free path A.,,,;,, which is the average distance traveled 
by an energy carrier (a molecule) before experiencing a collision. 


a 


k= 
3 


Cy PC Arno (2.10) 


For an ideal gas, the mean free path may be expressed as 


kj 


i= (a1) 
S V20d2p 


where kg is Boltzmann’s constant, kg = 1.381 X 10-7 J/K, d is the diameter of the gas 
molecule, representative values of which are included in Figure 2.8, and p is the pressure. 


0.3 


Hydrogen 
M = 2.016, d = 0.274 


Helium 4.003, 0.219 


S02 

£ 

= 

a 

= 

2 

b=) 

c 

8 

E 

a Water 
£01 (steam, 1 atm) 


18.02, 0.458 


Carbon dioxide FIGURE 2.8 The temperature 

ee dependence of the thermal conductivity 

of selected gases at normal pressures. 

Molecular diameters (d) are in nm [10]. 

) 200 400 600 800 1000 Molecular weights (JL) of the gases are 
Temperature (K) also shown. 


76 


Chapter 2. = Introduction to Conduction 


As expected, the mean free path is small for high pressure or low temperature, which causes 
densely packed molecules. The mean free path also depends on the diameter of the 
molecule, with larger molecules more likely to experience collisions than small molecules; 
in the limiting case of an infinitesimally small molecule, the molecules cannot collide, 
resulting in an infinite mean free path. The mean molecular speed, c, can be determined from 
the kinetic theory of gases, and Equation 2.10 may ultimately be expressed as 


~9¥=5 6, JAE 
k= 7 oe | ie (12) 


where the parameter y is the ratio of specific heats, y = c,/c,, and N is Avogadro’s number, 
N = 6.022 X 10°? molecules per mol. Equation 2.12 can be used to estimate the thermal 
conductivity of gas, although more accurate models have been developed [10]. 

It is important to note that the thermal conductivity is independent of pressure except in 
extreme cases as, for example, when conditions approach that of a perfect vacuum. Therefore, 
the assumption that k is independent of gas pressure for large volumes of gas is appropriate 
for the pressures of interest in this text. Accordingly, although the values of k presented in 
Table A.4 pertain to atmospheric pressure or the saturation pressure corresponding to the pre- 
scribed temperature, they may be used over a much wider pressure range. 

Molecular conditions associated with the liquid state are more difficult to describe, and 
physical mechanisms for explaining the thermal conductivity are not well understood [11]. 
The thermal conductivity of nonmetallic liquids generally decreases with increasing tempera- 
ture. As shown in Figure 2.9, water, glycerine, and engine oil are notable exceptions. The 
thermal conductivity of liquids is usually insensitive to pressure except near the critical point. 
Also, thermal conductivity generally decreases with increasing molecular weight. Values of 


Thermal conductivity (W/m:K) 


FIGURE 2.9 The temperature 

dependence of the thermal conductivity 
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the thermal conductivity are often tabulated as a function of temperature for the saturated 
state of the liquid. Tables A.5 and A.6 present such data for several common liquids. 

Liquid metals are commonly used in high heat flux applications, such as occur in 
nuclear power plants. The thermal conductivity of such liquids is given in Table A.7. Note 
that the values are much larger than those of the nonmetallic liquids [12]. 


The Fluid State: Micro- and Nanoscale Effects As for the solid state, the bulk thermal 
conductivity of a fluid may be modified when the characteristic dimension of the system 
becomes small, in particular for small values of L/A,,;). Similar to the situation of a thin 
solid film shown in Figure 2.6b, the molecular mean free path is restricted when a fluid is 
constrained by a small physical dimension, affecting conduction across a thin fluid layer. 

Mixtures of fluids and solids can also be formulated to tailor the transport properties of 
the resulting suspension. For example, nanofluids are base liquids that are seeded with 
nanometer-sized solid particles. Their very small size allows the solid particles to remain 
suspended within the base liquid for a long time. From the heat transfer perspective, a 
nanofluid exploits the high thermal conductivity that is characteristic of most solids, as is 
evident in Figure 2.5, to boost the relatively low thermal conductivity of base liquids, typi- 
cal values of which are shown in Figure 2.9. Typical nanofluids involve liquid water seeded 
with nominally spherical nanoparticles of Al,O; or CuO. 


Insulation Systems Thermal insulations consist of low thermal conductivity materials 
combined to achieve an even lower system thermal conductivity. In conventional fiber-, 
powder-, and flake-type insulations, the solid material is finely dispersed throughout an air 
space. Such systems are characterized by an effective thermal conductivity, which depends 
on the thermal conductivity and surface radiative properties of the solid material, as well as 
the nature and volumetric fraction of the air or void space. A special parameter of the system 
is its bulk density (solid mass/total volume), which depends strongly on the manner in which 
the material is packed. 

If small voids or hollow spaces are formed by bonding or fusing portions of the solid 
material, a rigid matrix is created. When these spaces are sealed from each other, the sys- 
tem is referred to as a cellular insulation. Examples of such rigid insulations are foamed 
systems, particularly those made from plastic and glass materials. Reflective insulations are 
composed of multilayered, parallel, thin sheets or foils of high reflectivity, which are spaced 
to reflect radiant energy back to its source. The spacing between the foils is designed to 
restrict the motion of air, and in high-performance insulations, the space is evacuated. In all 
types of insulation, evacuation of the air in the void space will reduce the effective thermal 
conductivity of the system. 

Heat transfer through any of these insulation systems may include several modes: 
conduction through the solid materials; conduction or convection through the air in the void 
spaces; and radiation exchange between the surfaces of the solid matrix. The effective 
thermal conductivity accounts for all of these processes, and values for selected insulation 
systems are summarized in Table A.3. Additional background information and data are 
available in the literature [13, 14]. 

As with thin films, micro- and nanoscale effects can influence the effective thermal 
conductivity of insulating materials. The value of k for a nanostructured silica aerogel 
material that is composed of approximately 5% by volume solid material and 95% by 
volume air that is trapped within pores of L ~ 20 nm is shown in Figure 2.10. Note that at 
T ~ 300 K, the mean free path for air at atmospheric pressure is approximately 80 nm. As 
the gas pressure is reduced, A,,;, would increase for an unconfined gas, but the molecular 
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Effective thermal conductivity (W/m:K) 
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Pressure (atm) 


Ficure 2.10 Measured thermal conductivity of carbon-doped silica 
aerogel as a function of pressure at T ~ 300K [15]. 


motion of the trapped air is restricted by the walls of the small pores and k is reduced to 
extremely small values relative to the thermal conductivities of conventional matter 
reported in Figure 2.4. 


2.2.2 Other Relevant Properties 


In our analysis of heat transfer problems, it will be necessary to use several properties of 
matter. These properties are generally referred to as thermophysical properties and include 
two distinct categories, transport and thermodynamic properties. The transport properties 
include the diffusion rate coefficients such as k, the thermal conductivity (for heat transfer), 
and v, the kinematic viscosity (for momentum transfer). Thermodynamic properties, on the 
other hand, pertain to the equilibrium state of a system. Density (p) and specific heat (c,) 
are two such properties used extensively in thermodynamic analysis. The product pc, 
(J/m*-K), commonly termed the volumetric heat capacity, measures the ability of a material 
to store thermal energy. Because substances of large density are typically characterized by 
small specific heats, many solids and liquids, which are very good energy storage media, 
have comparable heat capacities (pc, > 1 MJ/m?:K). Because of their very small densities, 
however, gases are poorly suited for thermal energy storage (pc, ~ 1kJ/m*-K). Densities 
and specific heats are provided in the tables of Appendix A for a wide range of solids, 
liquids, and gases. 

In heat transfer analysis, the ratio of the thermal conductivity to the heat capacity is an 
important property termed the thermal diffusivity a, which has units of m7/s: 


_k 
Pc, 


a 


It measures the ability of a material to conduct thermal energy relative to its ability to store 
thermal energy. Materials of large a will respond quickly to changes in their thermal envi- 
ronment, whereas materials of small a will respond more sluggishly, taking longer to reach 
anew equilibrium condition. 

The accuracy of engineering calculations depends on the accuracy with which the 
thermophysical properties are known [16-18]. Numerous examples could be cited of flaws 


ha 
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in equipment and process design or failure to meet performance specifications that 
were attributable to misinformation associated with the selection of key property values 
used in the initial system analysis. Selection of reliable property data is an integral part of 
any careful engineering analysis. The casual use of data that have not been well character- 
ized or evaluated, as may be found in some literature or handbooks, is to be avoided. 
Recommended data values for many thermophysical properties can be obtained from 
Reference 19. This reference, available in most institutional libraries, was prepared by the 
Thermophysical Properties Research Center (TPRC) at Purdue University. 


EXAMPLE 2.1 


The thermal diffusivity a is the controlling transport property for transient conduction. 
Using appropriate values of k, p, and c, from Appendix A, calculate a for the following 
materials at the prescribed temperatures: pure aluminum, 300 and 700 K; silicon carbide, 
1000 K; paraffin, 300 K. 


SOLUTION 


Known: Definition of the thermal diffusivity a. 
Find: Numerical values of a for selected materials and temperatures. 


Properties: Table A.1, pure aluminum (300 K): 


= 2702 kg/m* 
—_ ae =e = 237 W/m: K 
c, = 903 Jikg-K ta : ; 
k = 237 Wim:K PCr 2702 kg/m? X 903 J/kg- K 
= 97.1 X10 °m7/s < 
Table A.1, pure aluminum (700 K): 
p = 2702 kg/m’ at 300 K 


c, = 1090 J/kg -K at 700 K (by linear interpolation) 
k = 225 W/m: K at 700 K (by linear interpolation) 


Hence 


geckos 225 Wim +K = 76 X 10-° ms < 


PCy 9702 kg/m? X 1090 J/kg -K 


Table A.2, silicon carbide (1000 K): 


3160kg/m*> — at 300 K 


p 
c, = 1195 I/kg-K at 1000K ba = a) Mime 


= 23X10 °m’/s <J 
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Table A.3, paraffin (300 K): 


= 900 kg/m? 
o om ea 0.24 Wim: K 
cp = 2890 Jékg-K fa DC , 
Bose » 900 kg/m? X 2890 J/kg -K 
= 92x10 % m/s El 


Comments: 


1. Note the temperature dependence of the thermophysical properties of aluminum and 
silicon carbide. For example, for silicon carbide, a(1000K) ~ 0.1 * a(300K); hence 
properties of this material have a strong temperature dependence. 


2. The physical interpretation of a is that it provides a measure of heat transport (4) relative 
to energy storage (pc,). In general, metallic solids have higher a, whereas nonmetallics 
(e.g., paraffin) have lower values of a. 

3. Linear interpolation of property values is generally acceptable for engineering 
calculations. 

4. Use of the low-temperature (300 K) density at higher temperatures ignores thermal 
expansion effects but is also acceptable for engineering calculations. 

5. The JHT software provides a library of thermophysical properties for selected solids, 


liquids, and gases that can be accessed from the toolbar button, Properties. See Exam- 
ple 2.1 in JAT. 


EXAMPLE 2.2 


The bulk thermal conductivity of a nanofluid containing uniformly dispersed, noncontacting 
spherical nanoparticles may be approximated by 


- Ks + Qype + 29(k, — Kee) 
© LEP ike ee Heel 


where ¢ is the volume fraction of the nanoparticles, and ky,, k,, and k,; are the thermal con- 


ductivities of the base fluid, particle, and nanofluid, respectively. Likewise, the dynamic 
viscosity may be approximated as [20] 


Map = Mye (1 + 2.5¢) 


Determine the values of kys, Par, Cpnts Mnf ANd ay for a mixture of water and Al,O; nanoparticles 
at a temperature of T = 300 K and a particle volume fraction of ¢ = 0.05. The thermophysical 
properties of the particle are k, = 36.0 W/m: K, p, = 3970 kg/m’, and c,,, = 0.765 kJ/kg - K. 


SOLUTION 
ee 


Known: Expressions for the bulk thermal conductivity and viscosity of a nanofluid with 
spherical nanoparticles. Nanoparticle properties. 


2.2 m= The Thermal Properties of Matter 81 


Find: Values of the nanofluid thermal conductivity, density, specific heat, dynamic viscos- 
ity, and thermal diffusivity. 


Schematic: 
2S. Water 
Nanoparticle ——@ © ox 
k, = 36.0Wim-K \  @ Se * 
p, = 3970 kgm \ © @ | 
Cp = 0-765 kulkgK i a 
Assumptions: 


1. Constant properties. 
2. Density and specific heat are not affected by nanoscale phenomena. 


3. Isothermal conditions. 


Properties: Table A.6 (T=300K): Water; ky =0.613W/m-K, py = 997kg/m’, 
Crop = 4.179 kI/kg + K, Upp = 855 X 10°°N:s/m?. 


Analysis: From the problem statement, 


_ E + Qkop 4 29(k, = ‘| 
" k, + 2kye — otk, a) . 


_ | 36.0 W/m: K + 2 X 0.613 W/m: K + 2 X 0.05(36.0 — 0.613) W/m: K 
36.0 W/m: K + 2 X 0.613 W/m: K — 0.05(36.0 — 0.613) W/m: K 


x 0.613 W/m: K 
= 0.705 Wim:K q 


Consider the control volume shown in the schematic to be of total volume V. Then the con- 
servation of mass principle yields 


PurV = PorV(1 — @) + p,Ve 
or, after dividing by the volume V, 
Pur = 997 kg/m? X (1 — 0.05) + 3970 kg/m? X 0.05 = 1146 kg/m? <J 
Similarly, the conservation of energy principle yields, 


PutVCpne Ll = PorVL — P)CporT + pyVec, pT 


PP 
Dividing by the volume V, temperature 7, and nanofluid density p,,; yields 
_ Por Cp, — gr Pplp.pP 
Poe 
_ 997 kg/m? X 4.179 kI/kg + K X (1 — 0.05) + 3970 kg/m? X 0.765 kJ/kg + K X (0.05) 
1146 kg/m? 
= 3.587 kJ/kg - K < 


Cp.nt 
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From the problem statement, the dynamic viscosity of the nanofluid is 
Mat = 855 X 10° °N-<s/m? X (1 + 2.5 X 0.05) = 962 X 10 °N<s/m? <J 


The nanofluid’s thermal diffusivity is 


he. 0.705 W/m: K 


= S17 X10" ws J 
Pat ©p,nf 1146 kg/m? xX 3587 J/kg *K 


One 


Comments: 


1. Ratios of the properties of the nanofluid to the properties of water are as follows. 
kyp _ 0.705 W/m: K Por _ 1146 kg/m? _ 


= 1,150 1.149 
ke 0.613 W/m: K Poi 997 kg/m? 
Cia ke-K 2X 10°°N- s/m? 
pat 3587 Wkg+K _ 9) gg Mag _ 962 X 10 YN sim’ _, 14, 
Cpt 4179 J/kg-K Mor 855 X 10 °N-s/m? 


a, _ 171 X 10°? m*/s 
%F 147 xX 10° m/s 


= 1.166 


The relatively large thermal conductivity and thermal diffusivity of the nanofluid 
enhance heat transfer rates in some applications. However, all of the thermophysical 
properties are affected by the addition of the nanoparticles, and, as will become evi- 
dent in Chapters 6 through 9, properties such as the viscosity and specific heat are 
adversely affected. This condition can degrade thermal performance when the use of 
nanofluids involves convection heat transfer. 


2. The expression for the nanofluid’s thermal conductivity (and viscosity) is limited to 
dilute mixtures of noncontacting, spherical particles. In some cases, the particles do not 
remain separated but can agglomerate into long chains, providing effective paths for 
heat conduction through the fluid and larger bulk thermal conductivities. Hence, the 
expression for the thermal conductivity represents the minimum possible enhancement of 
the thermal conductivity by spherical nanoparticles. An expression for the maximum 
possible isotropic thermal conductivity of a nanofluid, corresponding to agglomeration 
of the spherical particles, is available [21], as are expressions for dilute suspensions of 
nonspherical particles [22]. Note that these expressions can also be applied to nanostruc- 
tured composite materials consisting of a particulate phase interspersed within a host 
binding medium, as will be discussed in more detail in Chapter 3. 

3. The nanofluid’s density and specific heat are determined by applying the principles of 


mass and energy conservation, respectively. As such, these properties do not depend 
on the manner in which the nanoparticles are dispersed within the base liquid. 


2.5 The Heat Diffusion Equation 


A major objective in a conduction analysis is to determine the temperature field in a 
medium resulting from conditions imposed on its boundaries. That is, we wish to know 
the temperature distribution, which represents how temperature varies with position in the 
medium. Once this distribution is known, the conduction heat flux at any point in 
the medium or on its surface may be computed from Fourier’s law. Other important 


2.3 m= The Heat Diffusion Equation 83 


quantities of interest may also be determined. For a solid, knowledge of the temperature 
distribution could be used to ascertain structural integrity through determination of thermal 
stresses, expansions, and deflections. The temperature distribution could also be used to 
optimize the thickness of an insulating material or to determine the compatibility of special 
coatings or adhesives used with the material. 

We now consider the manner in which the temperature distribution can be determined. 
The approach follows the methodology described in Section 1.3.1 of applying the energy 
conservation requirement. In this case, we define a differential control volume, identify the 
relevant energy transfer processes, and introduce the appropriate rate equations. The result 
is a differential equation whose solution, for prescribed boundary conditions, provides the 
temperature distribution in the medium. 

Consider a homogeneous medium within which there is no bulk motion (advection) and 
the temperature distribution 7(x, y, z) is expressed in Cartesian coordinates. Following the 
methodology of applying conservation of energy (Section 1.3.1), we first define an infini- 
tesimally small (differential) control volume, dx + dy + dz, as shown in Figure 2.11. Choosing to 
formulate the first law at an instant of time, the second step is to consider the energy processes 
that are relevant to this control volume. In the absence of motion (or with uniform motion), there 
are no changes in mechanical energy and no work being done on the system. Only thermal 
forms of energy need be considered. Specifically, if there are temperature gradients, conduc- 
tion heat transfer will occur across each of the control surfaces. The conduction heat rates per- 
pendicular to each of the control surfaces at the x-, y-, and z-coordinate locations are indicated 
by the terms q,, g,, and g., respectively. The conduction heat rates at the opposite surfaces can 
then be expressed as a Taylor series expansion where, neglecting higher-order terms, 


aa Ger “as dx (2.13a) 
Og, 

1 et | ag ay dy (2.13b) 
0q- 

Get dz = 9, az dz (2.13c) 


T(x, y, z) 


Ix + dx 


FicurE 2.11 Differential control volume, dx dy dz, for conduction analysis in Cartesian 
coordinates. 
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In words, Equation 2.13a simply states that the x-component of the heat transfer rate at 
x + dx is equal to the value of this component at x plus the amount by which it changes 
with respect to x times dx. 

Within the medium there may also be an energy source term associated with the rate of 
thermal energy generation. This term is represented as 


E,=q dx dy dz (2.14) 


where q is the rate at which energy is generated per unit volume of the medium (W/m?°). In 
addition, changes may occur in the amount of the internal thermal energy stored by the 
material in the control volume. If the material is not experiencing a change in phase, latent 
energy effects are not pertinent, and the energy storage term may be expressed as 


Ey = pe, dx dy dz (2.15) 
where pc, dT/dt is the time rate of change of the sensible (thermal) energy of the medium 
per unit volume. ; ; 

Once again it is important to note that the terms E, and E,, represent different physical 
processes. The energy generation term E, is a manifestation of some energy conversion 
process involving thermal energy on one hand and some other form of energy, such as 
chemical, electrical, or nuclear, on the other. The term is positive (a source) if thermal 
energy is being generated in the material at the expense of some other energy form; it is 
negative (a sink) if thermal energy is being consumed. In contrast, the energy storage 
term E,, refers to the rate of change of thermal energy stored by the matter. 

The last step in the methodology outlined in Section 1.3.1 is to express conservation of 
energy using the foregoing rate equations. On a rate basis, the general form of the conser- 
vation of energy requirement is 


i. + E, == Fou = Ey (1.12c) 


Hence, recognizing that the conduction rates constitute the energy inflow E,, and outflow 
Ey and substituting Equations 2.14 and 2.15, we obtain 


; oT 
Ix a2 dy ae qz + q dx dy dz Ix+dx y+dy We+dz — pc, 3 dy dz (2.16) 
Substituting from Equations 2.13, it follows that 
4s 4, 0g: _ oT 
ae dx ay dy dz dz + qdx dy dz = PCy a, ax dy dz (2.17) 


The conduction heat rates in an isotropic material may be evaluated from Fourier’s law, 


_ oT 

dy = —k dy dz oe (2.18a) 
a oT 

@,= kid: ay (2.18b) 
a oT 

q. = —kdxdy de (2.18c) 


where each heat flux component of Equation 2.6 has been multiplied by the appro- 
priate control surface (differential) area to obtain the heat transfer rate. Substituting 
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Equations 2.18 into Equation 2.17 and dividing out the dimensions of the control vol- 
ume (dx dy dz), we obtain 


a DVO er \ ot onl. ot 
Ox (: = 35 (: = "Oz (: a) ee a) 


Equation 2.19 is the general form, in Cartesian coordinates, of the heat diffusion equa- 
tion. This equation, often referred to as the heat equation, provides the basic tool for 
heat conduction analysis. From its solution, we can obtain the temperature distribution 
T(x, y, Z) as a function of time. The apparent complexity of this expression should not 
obscure the fact that it describes an important physical condition, that is, conservation 
of energy. You should have a clear understanding of the physical significance of each 
term appearing in the equation. For example, the term d(kdT/dx)/dx is related to the net 
conduction heat flux into the control volume for the x-coordinate direction. That is, 
multiplying by dx, 


) oT —— * 
Ox (: ar dx q,. Axtdx (2.20) 


with similar expressions applying for the fluxes in the y- and z-directions. In words, the 
heat equation, Equation 2.19, therefore states that at any point in the medium the net 
rate of energy transfer by conduction into a unit volume plus the volumetric rate of ther- 
mal energy generation must equal the rate of change of thermal energy stored within 
the volume. 

It is often possible to work with simplified versions of Equation 2.19. For example, if 
the thermal conductivity is constant, the heat equation is 


en aodieden q_10T 


Ox “oye “on ke (O08 ca 


where a = k/pc, is the thermal diffusivity. Additional simplifications of the general form of 
the heat equation are often possible. For example, under steady-state conditions, there can 
be no change in the amount of energy storage; hence Equation 2.19 reduces to 


Gi aE ncn OT eo Or Ve 
9-(et) 4 9 (020) 4 2 (490) +g 0 (2.22) 


Moreover, if the heat transfer is one-dimensional (e.g., in the x-direction) and there is no 
energy generation, Equation 2.22 reduces to 


d{,aT)\_ 
(i 4 0 (2.23) 


The important implication of this result is that, under steady-state, one-dimensional condi- 
tions with no energy generation, the heat flux is a constant in the direction of transfer 
(dqfldx = 0). 

The heat equation may also be expressed in cylindrical and spherical coordinates. The 
differential control volumes for these two coordinate systems are shown in Figures 2.12 
and 2.13. 
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FIGURE 2.12 Differential control volume, dr - r dd + dz, for conduction 
analysis in cylindrical coordinates (r, @, z). 


Cylindrical Coordinates When the del operator V of Equation 2.3 is expressed in 
cylindrical coordinates, the general form of the heat flux vector and hence of Fourier’s 
law is 


re = oT jl 1 oT oT 
gq’ = —kVT di ade ab k 1) (2.24) 
where 
 — —, oT wn” = — k oT ” = — oT 
qr= kz rap i. (2.25) 


qo + do 


FicuRE 2.13 Differential control volume, dr +r sin@ dd + r dé, for 
conduction analysis in spherical coordinates (r, , 6). 
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are heat flux components in the radial, circumferential, and axial directions, respectively. 
Applying an energy balance to the differential control volume of Figure 2.12, the following 
general form of the heat equation is obtained: 


1d OT ee oT @ ff @ul Een 
7 Op (x an +P GE («27) + a (: a Gi e, Ee (26) 


Spherical Coordinates In spherical coordinates, the general form of the heat flux vector 
and Fourier’s law is 


OT .10T 1 oT 
"= —kVT=—k t k 2.2 
a ‘J (: ar JT 96 r sind zr) ee) 


where 


» =, OF n_ _k OT n—___k OF 
or mt r 00 a9 rsind dd 


(2.28) 


are heat flux components in the radial, polar, and azimuthal directions, respectively. Apply- 
ing an energy balance to the differential control volume of Figure 2.13, the following 
general form of the heat equation is obtained: 


il @ ,0T 1 te) oT 
k oe k 
ea a : a) r’ sin’ 0 2 zm) 


il @ an Ql : oT 
HA piv) \\ 4 f= pe. DAY 
r°sin@ 2( na zr Cor: (Cee) 


You should attempt to derive Equation 2.26 or 2.29 to gain experience in applying conser- 
vation principles to differential control volumes (see Problems 2.35 and 2.36). Note that the 
temperature gradient in Fourier’s law must have units of K/m. Hence, when evaluating 
the gradient for an angular coordinate, it must be expressed in terms of the differential 
change in arc length. For example, the heat flux component in the circumferential direction 
of a cylindrical coordinate system is g, = —(k/r)(OT/d¢@), not qj, = —kK(6T/0g). 


EXAMPLE 2.3 


The temperature distribution across a wall 1m thick at a certain instant of time is 
given as 


T(x) =at+bxtecxr 


where T is in degrees Celsius and x is in meters, while a = 900°C, b = —300°C/m, and 
c = —50°C/m’*. A uniform heat generation, 7 = 1000 W/m’, is present in the wall of area 
10m? having the properties p = 1600 kg/m*, k = 40 W/m:K, and Cy = 4kJ/kg-K. 


838 


Chapter 2. = Introduction to Conduction 


1. Determine the rate of heat transfer entering the wall (x = 0) and leaving the wall (x = 1m). 
2. Determine the rate of change of energy storage in the wall. 
3. Determine the time rate of temperature change at x = 0, 0.25, and 0.5m. 


SOLUTION 


Known: Temperature distribution 7(x) at an instant of time ¢ in a one-dimensional wall 
with uniform heat generation. 


Find: 
1. Heat rates entering, g;, (x = 0), and leaving, g,,, (+ = 1m), the wall. 
2. Rate of change of energy storage in the wall, Ey. 
3. Time rate of temperature change at x = 0, 0.25, and 0.5 m. 


Schematic: 
A=10m? g= 1000 W/m? 
1 k=40 WimsK 
1 p= 1600 kg/m? 
1 Cp = 4 kdlkerk 
I 
T(x) = I 
a+ bx + cx? ' 
I 
I 
I 
I 
I 
I 
I 
din —————‘~ ' —— Aout 
I 
I 
I 
I 
| 
Assumptions: 


1. One-dimensional conduction in the x-direction. 
2. Isotropic medium with constant properties. 
3. Uniform internal heat generation, g (W/m*). 


Analysis: 

1. Recall that once the temperature distribution is known for a medium, it is a simple 
matter to determine the conduction heat transfer rate at any point in the medium or at 
its surfaces by using Fourier’s law. Hence the desired heat rates may be determined by 
using the prescribed temperature distribution with Equation 2.1. Accordingly, 


oT! 
Gin — G40) = —KA ax h=0 —kA(b + 2cx),~9 


din = —bkA = 300°C/m X 40 W/m: K X 10 m? = 120 kW <J 
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Similarly, 
Pout = LL) = —kA het = —kA(b + 2cx),=1 
Jou = —(b + 2cL)kA = —[—300°C/m 
+ 2(—50°C/m’) X 1m] X 40 W/m: K X 10 m? = 160 kW <J 


The rate of change of energy storage in the wall E,, may be determined by applying an 
overall energy balance to the wall. Using Equation 1.12c for a control volume about 


the wall, 
En + E, - ae = Ey 


where E, = @AL, it follows that 
Ey = Es + Eg, 7 Ey = Gin gAL ~ out 
E,, = 120 kW + 1000 W/m? X 10 m? X 1 m— 160 kW 

< 


E, = —30kW 
The time rate of change of the temperature at any point in the medium may be deter- 


q 


k OT 
PCy 


PCr Ax? 


mined from the heat equation, Equation 2.21, rewritten as 


oT 
at 


From the prescribed temperature distribution, it follows that 


er _a (at 
oxr Ox\ dx 
f (b + 2ex) = 2c = 2(-50°C/m2) = —100°C/m? 


Note that this derivative is independent of position in the medium. Hence the time rate 


of temperature change is also independent of position and is given by 


OT = 40 W/m “K xX ( 100°C/m?) 
ot 1600 kg/m? X 4kJ/kg-K 
1000 W/m? 


+ 
1600 kg/m? X 4 kJ/kg -K 


OT _ 6.05 x 10-"C/s + 1.56 X 10-"C/s 


ot 
—4.69 X 10° *°C/s 
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Comments: 
1. From this result, it is evident that the temperature at every point within the wall is 
decreasing with time. 


2. Fourier’s law can always be used to compute the conduction heat rate from knowledge of 
the temperature distribution, even for unsteady conditions with internal heat generation. 


Microscale Effects For most practical situations, the heat diffusion equations generated 
in this text may be used with confidence. However, these equations are based on Fourier’s 
law, which does not account for the finite speed at which thermal information is propagated 
within the medium by the various energy carriers. The consequences of the finite propaga- 
tion speed may be neglected if the heat transfer events of interest occur over a sufficiently 
long time scale, At, such that 


<1 (2.30) 


The heat diffusion equations of this text are likewise invalid for problems where boundary 
scattering must be explicitly considered. For example, the temperature distribution within 
the thin film of Figure 2.65 cannot be determined by applying the foregoing heat diffusion 
equations. Additional discussion of micro- and nanoscale heat transfer applications and 
analysis methods is available in the literature [1, 5, 10, 23]. 


2.4 Boundary and Initial Conditions 


To determine the temperature distribution in a medium, it is necessary to solve the appro- 
priate form of the heat equation. However, such a solution depends on the physical condi- 
tions existing at the boundaries of the medium and, if the situation is time dependent, on 
conditions existing in the medium at some initial time. With regard to the boundary condi- 
tions, there are several common possibilities that are simply expressed in mathematical 
form. Because the heat equation is second order in the spatial coordinates, two boundary 
conditions must be expressed for each coordinate needed to describe the system. Because 
the equation is first order in time, however, only one condition, termed the initial condition, 
must be specified. 

Three kinds of boundary conditions commonly encountered in heat transfer are summa- 
rized in Table 2.2. The conditions are specified at the surface x = O for a one-dimensional 
system. Heat transfer is in the positive x-direction with the temperature distribution, which 
may be time dependent, designated as T(x, #). The first condition corresponds to a situation 
for which the surface is maintained at a fixed temperature 7,. It is commonly termed a 
Dirichlet condition, or a boundary condition of the first kind. It is closely approximated, for 
example, when the surface is in contact with a melting solid or a boiling liquid. In both 
cases, there is heat transfer at the surface, while the surface remains at the temperature of the 
phase change process. The second condition corresponds to the existence of a fixed or con- 
stant heat flux gq at the surface. This heat flux is related to the temperature gradient at the 
surface by Fourier’s law, Equation 2.6, which may be expressed as 


”" oT ” 
q(0) = Tk x=0 — Ys 
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TABLE 2.2 Boundary conditions for the heat 
diffusion equation at the surface (x = 0) 


1. Constant surface temperature vi 


TO, t) = T, (2.31) Mx. 2 


2. Constant surface heat flux \ 
(a) Finite heat flux 


oT ” y 
—k 


ea, = me I(x, t) 
Ox x=0 Ws (2.32) 


(b) Adiabatic or insulated surface 


oT 


Sze = 0 (2.33) 


T(x, 0) 


3. Convection surface condition 


k ea y-9 = ALT. — TO, 1] (2.34) 
Ox 


It is termed a Neumann condition, or a boundary condition of the second kind, and may be 
realized by bonding a thin film electric heater to the surface. A special case of this condi- 
tion corresponds to the perfectly insulated, or adiabatic, surface for which ITIAx|,-9 = 0. 
The boundary condition of the third kind corresponds to the existence of convection heat- 
ing (or cooling) at the surface and is obtained from the surface energy balance discussed in 
Section 1.3.1. 


EXAMPLE 2.4 


A long copper bar of rectangular cross section, whose width w is much greater than its 
thickness L, is maintained in contact with a heat sink at its lower surface, and the tempera- 
ture throughout the bar is approximately equal to that of the sink, T,. Suddenly, an electric 
current is passed through the bar and an airstream of temperature T., is passed over the top 
surface, while the bottom surface continues to be maintained at T,. Obtain the differential 
equation and the boundary and initial conditions that could be solved to determine the tem- 
perature as a function of position and time in the bar. 


SOLUTION 


Known: Copper bar initially in thermal equilibrium with a heat sink is suddenly heated 
by passage of an electric current. 
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Find: Differential equation and boundary and initial conditions needed to determine tem- 
perature as a function of position and time within the bar. 


Schematic: 


Copper bar (k, a) 
T(x, y, Z, 0) = Tix, 1) 


we 


Assumptions: 
1. Since the bar is long and w > L, end and side effects are negligible and heat transfer 
within the bar is primarily one dimensional in the x-direction. 
2. Uniform volumetric heat generation, q. 
3. Constant properties. 


Analysis: The temperature distribution is governed by the heat equation (Equation 2.19), 
which, for the one-dimensional and constant property conditions of the present problem, 
reduces to 
5 : 
OF os LT 


ack Mat _ s 


where the temperature is a function of position and time, 7(x, f). Since this differential 
equation is second order in the spatial coordinate x and first order in time f, there must be 
two boundary conditions for the x-direction and one condition, termed the initial condition, 
for time. The boundary condition at the bottom surface corresponds to case 1 of Table 2.2. 
In particular, since the temperature of this surface is maintained at a value, T,, which is 
fixed with time, it follows that 


LO.) =f, (2) <J 


The convection surface condition, case 3 of Table 2.2, is appropriate for the top surface. 
Hence 


aT) | _ 
hig B) < 


The initial condition is inferred from recognition that, before the change in conditions, the 
bar is at a uniform temperature 7. Hence 


T(x, 0) = T, (4) < 
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1. 


4. 


If T., T-., g, and h are known, Equations | through 4 may be solved to obtain the time-varying 
temperature distribution 7(x, t) following imposition of the electric current. 


Comments: 


The heat sink at x = 0 could be maintained by exposing the surface to an ice bath or by 
attaching it to a cold plate. A cold plate contains coolant channels machined in a solid 
of large thermal conductivity (usually copper). By circulating a liquid (usually water) 
through the channels, the plate and hence the surface to which it is attached may be 
maintained at a nearly uniform temperature. 


The temperature of the top surface 7(L, t) will change with time. This temperature is 
an unknown and may be obtained after finding 7(x, 1). 


We may use our physical intuition to sketch temperature distributions in the bar at 
selected times from the beginning to the end of the transient process. If we assume that 
T., > T,, and that the electric current is sufficiently large to heat the bar to temperatures 
in excess of T,,, the following distributions would correspond to the initial condition 
(t = 0), the final (steady-state) condition (t — ©), and two intermediate times. 


<I T(x, c-), Steady-state condition 


= aye 
oi 7. 
BR 
a T(x, 0), Initial condition 
T ZA 
ae 
0 a 
Distance, x 


Note how the distributions comply with the initial and boundary conditions. What is a 
special feature of the distribution labeled (b)? 


Our intuition may also be used to infer the manner in which the heat flux varies with 


time at the surfaces (x = 0, L) of the bar. On q’ — t coordinates, the transient variations 
are as follows. 


qilx, t) 
fo) 


oO 


Time, t —> 


Convince yourself that the foregoing variations are consistent with the temperature 
distributions of Comment 3. For t— ©, how are qg‘(0) and q‘(L) related to the volu- 
metric rate of energy generation? 
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2.0 Summary 


Despite the relative brevity of this chapter, its importance must not be underestimated. 
Understanding the conduction rate equation, Fourier’s law, is essential. You must be 
cognizant of the importance of thermophysical properties; over time, you will develop a 
sense of the magnitudes of the properties of many real materials. Likewise, you must 
recognize that the heat equation is derived by applying the conservation of energy principle 
to a differential control volume and that it is used to determine temperature distributions 
within matter. From knowledge of the distribution, Fourier’s law can be used to determine 
the corresponding conduction heat rates. A firm grasp of the various types of thermal 
boundary conditions that are used in conjunction with the heat equation is vital. Indeed, 
Chapter 2 is the foundation on which Chapters 3 through 5 are based, and you are encour- 
aged to revisit this chapter often. You may test your understanding of various concepts by 
addressing the following questions. 


¢ In the general formulation of Fourier’s law (applicable to any geometry), what are the 
vector and scalar quantities? Why is there a minus sign on the right-hand side of 
the equation? 

¢ What is an isothermal surface? What can be said about the heat flux at any location on 
this surface? 

¢ What form does Fourier’s law take for each of the orthogonal directions of Cartesian, 
cylindrical, and spherical coordinate systems? In each case, what are the units of the 
temperature gradient? Can you write each equation from memory? 

e An important property of matter is defined by Fourier’s law. What is it? What is its 
physical significance? What are its units? 

¢ What is an isotropic material? 

¢ Why is the thermal conductivity of a solid generally larger than that of a liquid? Why is 
the thermal conductivity of a liquid larger than that of a gas? 

¢ Why is the thermal conductivity of an electrically conducting solid generally larger 
than that of a nonconductor? Why are materials such as beryllium oxide, diamond, and 
silicon carbide (see Table A.2) exceptions to this rule? 

¢ Is the effective thermal conductivity of an insulation system a true manifestation of the 
efficacy with which heat is transferred through the system by conduction alone? 

¢ Why does the thermal conductivity of a gas increase with increasing temperature? Why 
is it approximately independent of pressure? 

¢ What is the physical significance of the thermal diffusivity? How is it defined and what 
are its units? 

¢ What is the physical significance of each term appearing in the heat equation? 

¢ Cite some examples of thermal energy generation. If the rate at which thermal energy is 
generated per unit volume, 4, varies with location in a medium of volume V, how can 
the rate of energy generation for the entire medium, E,, be determined from knowledge 
of gq, y, z)? 

¢ For a chemically reacting medium, what kind of reaction provides a source of thermal 
energy (g > 0)? What kind of reaction provides a sink for thermal energy (q < 0)? 

¢ To solve the heat equation for the temperature distribution in a medium, boundary 
conditions must be prescribed at the surfaces of the medium. What physical conditions 
are commonly suitable for this purpose? 


a Problems 
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Problems 


Fourier’s Law 


2.1 Assume steady-state, one-dimensional heat conduction 


through the axisymmetric shape shown below. 


Assuming constant properties and no internal heat 
generation, sketch the temperature distribution on 
T—x coordinates. Briefly explain the shape of 
your curve. 


2.2 Assume steady-state, one-dimensional conduction in the 


axisymmetric object below, which is insulated around its 
perimeter. 


If the properties remain constant and no internal heat 
generation occurs, sketch the heat flux distribution, g’.(x), 
and the temperature distribution, T(x). Explain the shapes 
of your curves. How do your curves depend on the ther- 
mal conductivity of the material? 
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2.3 


2.4 


2.5 


2.6 


2.7 
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A hot water pipe with outside radius r, has a temperature 
T,. A thick insulation, applied to reduce the heat loss, has 
an outer radius r, and temperature T,. On T — r coordi- 
nates, sketch the temperature distribution in the insula- 
tion for one-dimensional, steady-state heat transfer with 
constant properties. Give a brief explanation, justifying 
the shape of your curve. 


A spherical shell with inner radius r, and outer radius r, 
has surface temperatures 7, and T>, respectively, where 
T, > T>. Sketch the temperature distribution on T — r 
coordinates assuming steady-state, one-dimensional 
conduction with constant properties. Briefly justify the 
shape of your curve. 


Assume steady-state, one-dimensional heat conduction 
through the symmetric shape shown. 


—r 


Assuming that there is no internal heat generation, 
derive an expression for the thermal conductivity k(x) 
for these conditions: A(x) =(1—.x), T(x) = 300 
(1 — 2x — x*), and q = 6000 W, where A is in square 
meters, T in kelvins, and x in meters. 


A composite rod consists of two different materials, 
A and B, each of length 0.5L. 


TY T1<T> T, 


The thermal conductivity of Material A is half that of 
Material B, that is, k,/kg = 0.5. Sketch the steady-state 
temperature and heat flux distributions, T(x) and gq’, 
respectively. Assume constant properties and no inter- 
nal heat generation in either material. 


A solid, truncated cone serves as a support for a sys- 
tem that maintains the top (truncated) face of the cone 
at a temperature 7,, while the base of the cone is at a 
temperature T, < T). 


T,, Ay 


To<T, 
A,>A, 


a 


The thermal conductivity of the solid depends on tem- 
perature according to the relation k = k, — aT, where a 
is a positive constant, and the sides of the cone are well 
insulated. Do the following quantities increase, decrease, 
or remain the same with increasing x: the heat transfer 
rate q,, the heat flux gq’, the thermal conductivity k, and 
the temperature gradient dT/dx? 


To determine the effect of the temperature dependence 
of the thermal conductivity on the temperature distrib- 
ution in a solid, consider a material for which this 
dependence may be represented as 


k=k,+aT 


where k, is a positive constant and a is a coefficient that 
may be positive or negative. Sketch the steady-state 
temperature distribution associated with heat transfer in 
a plane wall for three cases corresponding to a> 0, 
a=0,anda <0. 


A young engineer is asked to design a thermal protec- 
tion barrier for a sensitive electronic device that might 
be exposed to irradiation from a high-powered infrared 
laser. Having learned as a student that a low thermal 
conductivity material provides good insulating charac- 
teristics, the engineer specifies use of a nanostructured 
aerogel, characterized by a thermal conductivity of 
k, = 0.005 W/m: K, for the protective barrier. The engi- 
neer’s boss questions the wisdom of selecting the aero- 
gel because it has a low thermal conductivity. Consider 
the sudden laser irradiation of (a) pure aluminum, (b) 
glass, and (c) aerogel. The laser provides irradiation of 
G = 10 X 10° W/m’. The absorptivities of the materials 
are a = 0.2, 0.9, and 0.8 for the aluminum, glass, and 
aerogel, respectively, and the initial temperature of the 
barrier is T; = 300 K. Explain why the boss is concerned. 
Hint: All materials experience thermal expansion (or 
contraction), and local stresses that develop within a 
material are, to a first approximation, proportional to the 
local temperature gradient. 


A one-dimensional plane wall of thickness 2L = 
100 mm experiences uniform thermal energy generation 
of ¢=1000 W/m? and is convectively cooled at 
x = +50mm by an ambient fluid characterized by 
T., = 20°C. If the steady-state temperature distribution 


2.11 


2.12 


2.13 


2.14 


a Problems 


within the wall is T(x) =a(L?—x)+b_ where 
a = 10°C/m’ and b = 30°C, what is the thermal con- 
ductivity of the wall? What is the value of the convec- 
tion heat transfer coefficient, 1? 


Consider steady-state conditions for one-dimensional 
conduction in a plane wall having a thermal conductiv- 
ity k = 50 W/m: K and a thickness L = 0.25 m, with no 
internal heat generation. 


x 


Determine the heat flux and the unknown quantity for 
each case and sketch the temperature distribution, indi- 
cating the direction of the heat flux. 


Case T,(CC) T,(°C) dT/ldx (K/m) 
1 50 —20 
2 —30 —10 
3 70 160 
4 40 —80 
5 30 200 


Consider a plane wall 100mm thick and of thermal 
conductivity 100W/m:K. Steady-state conditions are 
known to exist with T, = 400 K and T, = 600K. Deter- 
mine the heat flux g’ and the temperature gradient 
dT/dx for the coordinate systems shown. 


T(x) T(x) T(x) 


X x Xx. 


(a) (b) (c) 


A cylinder of radius r,, length L, and thermal conductivity 
k is immersed in a fluid of convection coefficient h and 
unknown temperature T,,. At a certain instant the temper- 
ature distribution in the cylinder is T(r) = a + br’, where 
a and b are constants. Obtain expressions for the heat 


transfer rate at r,, and the fluid temperature. 


In the two-dimensional body illustrated, the gradient at 
surface A is found to be dT/dy = 30K/m. What are 
OT/dy and JT/dx at surface B? 


2.17 An apparatus 
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Insulation [ 
e B, T; = 100°C 


Sk = 10 WimK 
2 oy 


= 


A, Ty = 0°C 


2.15 Consider the geometry of Problem 2.14 for the case 


where the thermal conductivity varies with temperature 
as k=k,+ aT, where k,=10W/m:K, a= -—10%° 
W/m: K?, and Tis in kelvins. The gradient at surface B is 
OT/dx = 30 K/m. What is dT/dy at surface A? 


2.16 Steady-state, one-dimensional conduction occurs in a rod 


of constant thermal conductivity k and variable cross- 
sectional area A,(x) = A,e“, where A, and a are con- 
stants. The lateral surface of the rod is well insulated. 


A,(x) = A,e™ 


(a) Write an expression for the conduction heat rate, 
q,(x). Use this expression to determine the tempera- 
ture distribution T(x) and qualitatively sketch the 
distribution for T(0) > T(L). 

(b) Now consider conditions for which thermal energy 
is generated in the rod at a volumetric rate 
g = 4, exp(—ax), where q, is a constant. Obtain an 
expression for q,(x) when the left face (x = 0) is 
well insulated. 


Thermophysical Properties 


for measuring thermal conductivity 
employs an electrical heater sandwiched between two 
identical samples of diameter 30mm and length 60mm, 
which are pressed between plates maintained at a uniform 
temperature 7, = 77°C by a circulating fluid. A conduct- 
ing grease is placed between all the surfaces to ensure 
good thermal contact. Differential thermocouples are 
imbedded in the samples with a spacing of 15mm. The 
lateral sides of the samples are insulated to ensure one- 
dimensional heat transfer through the samples. 
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Plate, 7, 


Plate, 7, 


(a) With two samples of SS316 in the apparatus, the 
heater draws 0.353 A at 100V, and the differential 
thermocouples indicate AT, = AT, = 25.0°C. What 
is the thermal conductivity of the stainless steel sam- 
ple material? What is the average temperature of the 
samples? Compare your result with the thermal con- 
ductivity value reported for this material in Table A.1. 


(b) By mistake, an Armco iron sample is placed in 
the lower position of the apparatus with one of the 
SS316 samples from part (a) in the upper portion. For 
this situation, the heater draws 0.601 A at 100 V, and 
the differential thermocouples indicate AT, = AT, = 
15.0°C. What are the thermal conductivity and aver- 


age temperature of the Armco iron sample? 
(c) What is the advantage in constructing the apparatus 
with two identical samples sandwiching the heater 
rather than with a single heater-sample combina- 
tion? When would heat leakage out of the lateral 
surfaces of the samples become significant? Under 


what conditions would you expect AT, # AT, ? 


2.18 An engineer desires to measure the thermal conductiv- 


ity of an aerogel material. It is expected that the aerogel 
will have an extremely small thermal conductivity. 


Heater 
leads ae in 


[=~ Aluminum 
plate 
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2.20 


(a) Explain why the apparatus of Problem 2.17 cannot 
be used to obtain an accurate measurement of the 
aerogel’s thermal conductivity. 


(b) The engineer designs a new apparatus for which an 
electric heater of diameter D = 150mm is sand- 
wiched between two thin plates of aluminum. The 
steady-state temperatures of the 5-mm-thick alu- 
minum plates, 7, and T,, are measured with ther- 
mocouples. Aerogel sheets of thickness t = 5mm 
are placed outside the aluminum plates, while a 
coolant with an inlet temperature of T,,; = 25°C 
maintains the exterior surfaces of the aerogel at a 
low temperature. The circular aerogel sheets are 
formed so that they encase the heater and alu- 
minum sheets, providing insulation to minimize 
radial heat losses. At steady state, 7, = T, = 55°C, 
and the heater draws 125mA at 10 V. Determine 
the value of the aerogel thermal conductivity k,. 


(c) Calculate the temperature difference across the 
thickness of the 5-mm-thick aluminum plates. 
Comment on whether it is important to know the 
axial locations at which the temperatures of the alu- 


minum plates are measured. 


(d) If liquid water is used as the coolant with a total 
flow rate of m= 1 kg/min (0.5kg/min for each of 
the two streams), calculate the outlet temperature 


of the water, T. 


Co 


Consider a 300mm X 300mm window in an aircraft. For 
a temperature difference of 80°C from the inner to the 
outer surface of the window, calculate the heat loss 
through L = 10-mm-thick polycarbonate, soda lime 
glass, and aerogel windows, respectively. The thermal 
conductivities of the aerogel and polycarbonate are 
kg = 0.014 W/m: K and k,, = 0.21 W/mK, respectively. 
Evaluate the thermal conductivity of the soda lime glass 
at 300K. If the aircraft has 130 windows and the cost to 
heat the cabin air is $1/kW-h, compare the costs associ- 
ated with the heat loss through the windows for an 8-hour 
intercontinental flight. 


Consider a small but known volume of metal that has a 
large thermal conductivity. 


(a) Since the thermal conductivity is large, spatial 
temperature gradients that develop within the metal 
in response to mild heating are small. Neglecting 
spatial temperature gradients, derive a differential 
equation that could be solved for the temperature 
of the metal versus time 7(t) if the metal is sub- 
jected to a fixed surface heat rate q supplied by an 
electric heater. 


(b) 


A student proposes to identify the unknown metal 
by comparing measured and predicted thermal 
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2.22 
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responses. Once a match is made, relevant thermo- 
physical properties might be determined, and, in 
turn, the metal may be identified by comparison to 
published property data. Will this approach work? 
Consider aluminum, gold, and silver as the candi- 
date metals. 


Use JHT to perform the following tasks. 


(a) Graph the thermal conductivity of pure copper, 
2024 aluminum, and AISI 302 stainless steel over 
the temperature range 300 = T= 600K. Include 
all data on a single graph, and comment on the 
trends you observe. 

(b) Graph the thermal conductivity of helium and air 

over the temperature range 300 =7T= 800K. 

Include the data on a single graph, and comment on 

the trends you observe. 


Graph the kinematic viscosity of engine oil, 
ethylene glycol, and liquid water over the tempera- 
ture range 300 = T = 360K. Include all data on 
a single graph, and comment on the trends you 
observe. 


(d) Graph the thermal conductivity of a water-Al,O,; 
nanofluid at T = 300K over the volume fraction 


range 0 = ¢~ = 0.08. See Example 2.2. 


Calculate the thermal conductivity of air, hydrogen, 
and carbon dioxide at 300K, assuming ideal gas 
behavior. Compare your calculated values to values 
from Table A.4. 


A method for determining the thermal conductivity k 
and the specific heat c, of a material is illustrated in the 
sketch. Initially the two identical samples of diameter 
D = 60mm and thickness L = 10mm and the thin 
heater are at a uniform temperature of 7; = 23.00°C, 
while surrounded by an insulating powder. Suddenly 
the heater is energized to provide a uniform heat flux q’ 
on each of the sample interfaces, and the heat flux is 
maintained constant for a period of time, At,. A short 
time after sudden heating is initiated, the temperature at 
this interface T, is related to the heat flux as 


t 1/2 
T,(0) — T; = 24% (. = 7) 
p 


For a particular test run, the electrical heater dissipates 
15.0 W for a period of At, = 120s, and the temperature 
at the interface is T,(30s) = 24.57°C after 30s of heat- 
ing. A long time after the heater is deenergized, 
t > Ato, the samples reach the uniform temperature of 
T,(%) = 33.50°C. The density of the sample materials, 
determined by measurement of volume and mass, is 
p = 3965 kg/m*. 
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Sample 1, D, L, p 


Heater leads 


Sample 2, D, L, p 


Determine the specific heat and thermal conductiv- 
ity of the test material. By looking at values of the ther- 
mophysical properties in Table A.1 or A.2, identify the 
test sample material. 


Compare and contrast the heat capacity pc, of common 
brick, plain carbon steel, engine oil, water, and soil. 
Which material provides the greatest amount of thermal 
energy storage per unit volume? Which material would 
you expect to have the lowest cost per unit heat capac- 
ity? Evaluate properties at 300 K. 


A cylindrical rod of stainless steel is insulated on its exte- 
rior surface except for the ends. The steady-state tempera- 
ture distribution is T(x) = a — bx/L, where a = 305K 
and b = 10K. The diameter and length of the rod are 
D=20mm and L= 100mm, respectively. Determine 
the heat flux along the rod, q". Hint: The mass of the rod 
is M = 0.248 kg. 


The Heat Equation 


2.26 


2.27 


At a given instant of time, the temperature distribution 
within an infinite homogeneous body is given by the 
function 


T(x, y, 2 =x — 2y° + 2 — xy + 2yz 


Assuming constant properties and no internal heat 
generation, determine the regions where the tempera- 
ture changes with time. 


A pan is used to boil water by placing it on a stove, from 
which heat is transferred at a fixed rate q,. There are two 
stages to the process. In Stage 1, the water is taken from 
its initial (room) temperature T; to the boiling point, as 
heat is transferred from the pan by natural convection. 
During this stage, a constant value of the convection coef- 
ficient h may be assumed, while the bulk temperature of 
the water increases with time, 7.. = T.,(t). In Stage 2, the 
water has come to a boil, and its temperature remains at a 
fixed value, T., = T,, as heating continues. Consider a 
pan bottom of thickness L and diameter D, with a coordi- 
nate system corresponding to x = 0 and x = L for the sur- 
faces in contact with the stove and water, respectively. 


(a) Write the form of the heat equation and the boundary/ 
initial conditions that determine the variation of 
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temperature with position and time, 7(x, 1), in the 
pan bottom during Stage 1. Express your result in 
terms of the parameters q,, D, L, h, and T.,, as well 
as appropriate properties of the pan material. 
(b) During Stage 2, the surface of the pan in contact 
with the water is at a fixed temperature, T(L, f) = 
T, >T,. Write the form of the heat equation and 
boundary conditions that determine the temperature 
distribution 7(x) in the pan bottom. Express your 
result in terms of the parameters g,, D, L, and T,, as 
well as appropriate properties of the pan material. 


Uniform internal heat generation at g = 5 X 10’ W/m? 
is occurring in a cylindrical nuclear reactor fuel rod of 
50-mm diameter, and under steady-state conditions the 
temperature distribution is of the form T(r) = a + br, 
where T is in degrees Celsius and r is in meters, while 
a = 800°C and b = —4.167 X 10° °C/m*. The fuel rod 
properties are k = 30W/m-K, p= 1100 kg/m’, and 
c, = 800 J/kg: K. 
(a) What is the rate of heat transfer per unit length of 
the rod at r = 0 (the centerline) and at r = 25 mm 
(the surface)? 


(b) If the reactor power level is suddenly increased to 
q = 10° W/m?, what is the initial time rate of tem- 
perature change at r = 0 and r = 25 mm? 


Consider a one-dimensional plane wall with constant 
properties and uniform internal generation q. The left 
face is insulated, and the right face is held at a uniform 
temperature. 


—> X 


(a) Using the appropriate form of the heat equation, 
derive an expression for the x-dependence of the 
steady-state heat flux g’(x). 


(b) Using a finite volume spanning the range 0 = 
x = &, derive an expression for g’(&) and compare 
the expression to your result for part (a). 


The steady-state temperature distribution in a one- 
dimensional wall of thermal conductivity 50 W/m: K and 
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thickness 50mm is observed to be T(°C)=a+ bx, 
where a = 200°C, b = —2000°C/m”, and x is in meters. 


(a) What is the heat generation rate g in the wall? 


(b) Determine the heat fluxes at the two wall faces. In 
what manner are these heat fluxes related to the 
heat generation rate? 


The temperature distribution across a wall 0.3 m thick at 
a certain instant of time is T(x) = a + bx + cx’, where 
T is in degrees Celsius and x is in meters, a = 200°C, 
b = —200°C/m, and c = 30°C/m?. The wall has a ther- 
mal conductivity of 1 W/m: K. 


(a) On a unit surface area basis, determine the rate of 
heat transfer into and out of the wall and the rate 
of change of energy stored by the wall. 


(b) If the cold surface is exposed to a fluid at 100°C, 
what is the convection coefficient? 


A plane wall of thickness 2L = 40 mm and thermal con- 
ductivity k = 5 W/m: K experiences uniform volumetric 
heat generation at a rate g, while convection heat transfer 
occurs at both of its surfaces (x = —L, + L), each of 
which is exposed to a fluid of temperature T,, = 20°C. 
Under steady-state conditions, the temperature distribu- 
tion in the wall is of the form T(x) = a + bx + cx* where 
a = 82.0°C, b = —210°C/m, c = —2 X 10*°C/m?, and 
x is in meters. The origin of the x-coordinate is at the 
midplane of the wall. 


(a) 


Sketch the temperature distribution and identify 
significant physical features. 


(b) 


What is the volumetric rate of heat generation g in 
the wall? 


(c) Determine the surface heat fluxes, gi(—L) and 
q(+L). How are these fluxes related to the heat 


generation rate? 


What are the convection coefficients for the sur- 
faces atx = —Landx = +L? 


(d) 


(e) Obtain an expression for the heat flux distribution 
q(x). Is the heat flux zero at any location? Explain 


any significant features of the distribution. 


(f) 


If the source of the heat generation is suddenly 
deactivated (g = 0), what is the rate of change of 
energy stored in the wall at this instant? 


What temperature will the wall eventually reach 
with g = 0? How much energy must be removed 
by the fluid per unit area of the wall (J/m’) to 
reach this state? The density and specific heat of 
the wall material are 2600kg/m* and 800J/kg:K, 
respectively. 


(g) 
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2.33 Temperature distributions within a series of one- (a) Applying an overall energy balance to the wall, cal- 
dimensional plane walls at an initial time, at steady culate the volumetric energy generation rate q. 
state, and at several intermediate times are as shown. (b) Determine the coefficients a, b, and c by applying 


the boundary conditions to the prescribed tempera- 
ture distribution. Use the results to calculate and 
plot the temperature distribution. 


(c) Consider conditions for which the convection coef- 
ficient is halved, but the volumetric energy genera- 
tion rate remains unchanged. Determine the new 
values of a, b, and c, and use the results to plot the 
temperature distribution. Hint: recognize that T(0) 
is no longer 120°C. 


(d) Under conditions for which the volumetric energy 
generation rate is doubled, and the convection coef- 
ficient remains unchanged (h = 500 W/m*:K), 
determine the new values of a, b, and c and plot the 
corresponding temperature distribution. Referring 
to the results of parts (b), (c), and (d) as Cases 1, 2, 
and 3, respectively, compare the temperature distri- 
butions for the three cases and discuss the effects of 
hand q on the distributions. 


2.35 Derive the heat diffusion equation, Equation 2.26, for 
cylindrical coordinates beginning with the differential 
control volume shown in Figure 2.12. 


(c) (d) 2.36 Derive the heat diffusion equation, Equation 2.29, for 
spherical coordinates beginning with the differential 
For each case, write the appropriate form of the heat dif- control volume shown in Figure 2.13. 


fusion equation. Also write the equations for the initial 2.37 
condition and the boundary conditions that are applied at 
x =0 and x = L. If volumetric generation occurs, it is 
uniform throughout the wall. The properties are constant. 


The steady-state temperature distribution in a semi- 
transparent material of thermal conductivity k and 
thickness L exposed to laser irradiation is of the form 
2.34 One-dimensional, steady-state conduction with uniform T(x) = 7 e@+ Bx tC 

internal energy generation occurs in a plane wall with a 

thickness of 50 mm and a constant thermal conductivity of 


where A, a, B, and C are known constants. For this situ- 


5 Wim: K. For these conditions, the temperature distribu- ation, radiation absorption in the material is manifested 
tion has the form T(x) = a+ bx + cx’. The surface at by a distributed heat generation term, q(x). 
x = O has a temperature of T(0) = T,, = 120°C and experi- Laser irradiation 
ences convection with a fluid for which T,, = 20°C and 
h = 500 W/m’: K. The surface at x = L is well insulated. 
x 
T, = 120°C 
—~] | : 
T= 20°C Semitransparent medium, T(x) 
h = 500 Wim?+K : ; ; 
va gk =5 Wink (a) Obtain expressions for the conduction heat fluxes at 
the front and rear surfaces. 
| | | (b) Derive an expression for g(x). 
Pare L. | (c) Derive an expression for the rate at which radiation 
cms 4 x 


L=50mm is absorbed in the entire material, per unit surface 
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area. Express your result in terms of the known 
constants for the temperature distribution, the ther- 
mal conductivity of the material, and its thickness. 


One-dimensional, steady-state conduction with no 
energy generation is occurring in a cylindrical shell of 
inner radius r, and outer radius r;. Under what condition 
is the linear temperature distribution shown possible? 


T(r) 
A 


Try) 


One-dimensional, steady-state conduction with no 
energy generation is occurring in a spherical shell of 
inner radius r, and outer radius 7). Under what condi- 
tion is the linear temperature distribution shown in 
Problem 2.38 possible? 


The steady-state temperature distribution in a one- 
dimensional wall of thermal conductivity k and thick- 
ness L is of the form T = ax* + bx’ + cx + d. Derive 
expressions for the heat generation rate per unit volume 
in the wall and the heat fluxes at the two wall faces 
(x = 0, L). 


One-dimensional, steady-state conduction with no 
energy generation is occurring in a plane wall of con- 
stant thermal conductivity. 


20 
00 
80 


60 


mx 


4 =0, k= 4.5 WimK 
4 T., = 20°C 


(a) Is the prescribed temperature distribution possible? 
Briefly explain your reasoning. 
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(b) With the temperature at x = 0 and the fluid temper- 
ature fixed at T(0) = O°C and T,, = 20°C, respec- 
tively, compute and plot the temperature at x = L, 
T(L), as a function of h for 10 = h = 100 W/m?-K. 
Briefly explain your results. 


A plane layer of coal of thickness L = 1 m experiences 
uniform volumetric generation at a rate of g = 20 W/m* 
due to slow oxidation of the coal particles. Averaged 
over a daily period, the top surface of the layer trans- 
fers heat by convection to ambient air for which 
h=5W/m’:K and T,, = 25°C, while receiving solar 
irradiation in the amount Gs = 400 W/m’. Irradiation 
from the atmosphere may be neglected. The solar 
absorptivity and emissivity of the surface are each 


as =e= 0.95. 


6 (h 


~ Ambient air 


T,,, h 
_ 


(a) Write the steady-state form of the heat diffusion 
equation for the layer of coal. Verify that this equa- 
tion is satisfied by a temperature distribution of 
the form 


ey GE oe 
T(x) = T, + ak ( 2 
From this distribution, what can you say about condi- 
tions at the bottom surface (x = 0)? Sketch the temper- 
ature distribution and label key features. 


(b) Obtain an expression for the rate of heat transfer by 
conduction per unit area at x = L. Applying an 
energy balance to a control surface about the top 
surface of the layer, obtain an expression for T,. 
Evaluate T, and 7(0) for the prescribed conditions. 


(c)| Daily average values of G, and h depend on a num- 
ber of factors, such as time of year, cloud cover, 
and wind conditions. For h = 5 W/m?:K, compute 
and plot T; and 7(0) as a function of G; for 50 = 
Gs = 500 W/m. For Gs = 400 W/m’, compute and 
plot 7; and 7(0) as a function of h for 5 hs 
50 W/m? K. 


The cylindrical system illustrated has negligible varia- 
tion of temperature in the r- and z-directions. Assume 
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that Ar = r, — r; is small compared to r;, and denote 
the length in the z-direction, normal to the page, as L. 


Ya 


(a) Beginning with a properly defined control volume 
and considering energy generation and storage 
effects, derive the differential equation that prescribes 
the variation in temperature with the angular coordi- 
nate @. Compare your result with Equation 2.26. 


(b) For steady-state conditions with no internal heat gen- 
eration and constant properties, determine the tem- 
perature distribution 7(#) in terms of the constants 


T,, Ts, r;, and r,. Is this distribution linear in @? 
(c) 


For the conditions of part (b) write the expression 
for the heat rate qy. 


2.44 Beginning with a differential control volume in the 


form of a cylindrical shell, derive the heat diffusion 
equation for a one-dimensional, cylindrical, radial coor- 
dinate system with internal heat generation. Compare 
your result with Equation 2.26. 


2.45 Beginning with a differential control volume in the 


form of a spherical shell, derive the heat diffusion equa- 
tion for a one-dimensional, spherical, radial coordinate 
system with internal heat generation. Compare your 
result with Equation 2.29. 


2.46 A steam pipe is wrapped with insulation of inner and 


outer radii r; and r,, respectively. At a particular instant 
the temperature distribution in the insulation is known 
to be of the form 


T(r) = C, iF) +C, 


Are conditions steady-state or transient? How do the 
heat flux and heat rate vary with radius? 


2.47 For a long circular tube of inner and outer radii 7; and 


Tr, respectively, uniform temperatures T,; and 7, are 
maintained at the inner and outer surfaces, while ther- 
mal energy generation is occurring within the tube wall 
(r, <r<vr,). Consider steady-state conditions for 
which 7, < T,. Is it possible to maintain a /inear radial 
temperature distribution in the wall? If so, what special 
conditions must exist? 
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Passage of an electric current through a long conduct- 
ing rod of radius r; and thermal conductivity k, results 
in uniform volumetric heating at a rate of g. The con- 
ducting rod is wrapped in an electrically nonconducting 
cladding material of outer radius r, and thermal con- 
ductivity k., and convection cooling is provided by an 
adjoining fluid. 


Conducting 
rod, g, k 


, 


Cladding, k, 


For steady-state conditions, write appropriate forms of 
the heat equations for the rod and cladding. Express 
appropriate boundary conditions for the solution of 
these equations. 


Two-dimensional, steady-state conduction occurs in 
a hollow cylindrical solid of thermal conductivity 
k = 16 W/m:K, outer radius r, = 1m and overall 
length 2z,=5m, where the origin of the coordinate 
system is located at the midpoint of the center line. 
The inner surface of the cylinder is insulated, and the 
temperature distribution within the cylinder has 
the form T(r, z)=a+br+clnr+dz, where a= 
—20°C, b = 150°C/m*, c = —12°C, d = —300°C/m* 
and r and z are in meters. 

(a) Determine the inner radius r; of the cylinder. 


(b) Obtain an expression for the volumetric rate of heat 
generation, g(W/m*°). 


Determine the axial distribution of the heat flux at the 
outer surface, g/(r,,z). What is the heat rate at 
the outer surface? Is it into or out of the cylinder? 


(c) 


Determine the radial distribution of the heat flux at 
the end faces of the cylinder, g/(r, +z,) and 
g(r, —Z,). What are the corresponding heat rates? 
Are they into or out of the cylinder? 


(d) 


(e) 


Verify that your results are consistent with an over- 
all energy balance on the cylinder. 


An electric cable of radius r, and thermal conductivity 
k..is enclosed by an insulating sleeve whose outer sur- 
face is of radius r, and experiences convection heat 
transfer and radiation exchange with the adjoining air 
and large surroundings, respectively. When electric 
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current passes through the cable, thermal energy is gen- 
erated within the cable at a volumetric rate q. 


Electrical cable 


Insulation 


© Ambient air ) 
Th 


it 


(a) Write the steady-state forms of the heat diffusion 
equation for the insulation and the cable. Verify 
that these equations are satisfied by the following 
temperature distributions: 


: In(7/ry) 
Insulation: T(r) = T,, + (L,; — T,2) Inte/e) 
22 

: LW r 
Cable: T(r) = T,, 4 tk. (i “) 


Sketch the temperature distribution, 7(r), in the 
cable and the sleeve, labeling key features. 


(b) Applying Fourier’s law, show that the rate of con- 
duction heat transfer per unit length through the 


sleeve may be expressed as 
, 2ak(T, a T,2) 
de In(7,/r,) 


Applying an energy balance to a control surface 
placed around the cable, obtain an alternative 
expression for qg/, expressing your result in terms of 
qand r;. 
(c) Applying an energy balance to a control surface 
placed around the outer surface of the sleeve, obtain 
an expression from which 7, may be determined as 
a function of g, 7), h, T.., €, and Ty. 
(d) Consider conditions for which 250A are passing 
through a cable having an electric resistance per unit 
length of R; = 0.005 Q/m, a radius of r; = 15 mm, 
and a thermal conductivity of k, = 200 W/m: K. 
For k,=15W/m:K, 74= 155mm, h=25 
Wim’: K, ¢€ = 0.9, T,, = 25°C, and T,,, = 35°C, 
evaluate the surface temperatures, T,, and T,,, 
as well as the temperature T, at the centerline of 
the cable. 


(e) 


With all other conditions remaining the same, com- 


pute and plot 7,, T,;, and 7,» as a function of r, for 
15.5 Sr) = 20mm. 


2.51 A spherical shell of inner and outer radii 7; and r,, 
respectively, contains heat-dissipating components, and 
at a particular instant the temperature distribution in the 
shell is known to be of the form 


C 
Tn) =++C, 


Are conditions steady-state or transient? How do the 
heat flux and heat rate vary with radius? 


2.52 A chemically reacting mixture is stored in a thin-walled 
spherical container of radius r; = 200 mm, and the exother- 
mic reaction generates heat at a uniform, but temperature- 
dependent volumetric rate of g = q, exp(—A/T,), where 
do = 5000 W/m3, A = 75 K, and T, is the mixture temper- 
ature in kelvins. The vessel is enclosed by an insulating 
material of outer radius 7, thermal conductivity k, and 
emissivity ¢. The outer surface of the insulation experi- 
ences convection heat transfer and net radiation exchange 
with the adjoining air and large surroundings, respectively. 


te 


Chemical 
reaction, q(T.) 


“Ambient air > 
@. 7.1 


Insulation, 
k,€ 


(a) Write the steady-state form of the heat diffusion 
equation for the insulation. Verify that this equa- 
tion is satisfied by the temperature distribution 


1—(7/r) 
T(r) aa di (T, T,2) E = (lh 


Sketch the temperature distribution, T(r), labeling 
key features. 
(b) Applying Fourier’s law, show that the rate of heat 
transfer by conduction through the insulation may 


be expressed as 


A4nk(T, _ T,>) 
9 in) = Ura) 


Applying an energy balance to a control surface 
about the container, obtain an alternative expression 
for q,, expressing your result in terms of g and ry. 


(c) 


(d) 


(e) 
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Applying an energy balance to a control surface 
placed around the outer surface of the insulation, 
obtain an expression from which 7, may be deter- 
mined as a function of g, r, h, T.., €, and Tyy,. 


The process engineer wishes to maintain a reactor 
temperature of 7, = T(r,) = 95°C under conditions 
for which k = 0.05 W/m:K, r, = 208mm, h = 5 
Wim*:K, ¢ = 0.9, T,, = 25°C, and T,,, = 35°C. 
What is the actual reactor temperature and the outer 
surface temperature T,, of the insulation? 


Compute and plot the variation of T,, with r, for 
201 =r, = 210mm. The engineer is concerned 
about potential burn injuries to personnel who may 
come into contact with the exposed surface of the 
insulation. Is increasing the insulation thickness a 
practical solution to maintaining T,, = 45°C? What 
other parameter could be varied to reduce T, ? 


Graphical Representations 


2.53 A thin electrical heater dissipating 4000 W/m? is sand- 


wiched between two 25-mm-thick plates 


whose 


exposed surfaces experience convection with a fluid for 
which T,, = 20°C and h = 400 W/m? - K. The thermo- 
physical properties of the plate material are p = 2500 
kg/m*, c = 700 J/kg  K, and k = 5 W/m- K. 


Fluid 
Dan 


co? 


ITT 


(a) 


(b) 


Electric heater, q’, 


41 p,c,k 
Fluid 
are 
| i 
-L 6) +L 


On T — x coordinates, sketch the steady-state tem- 
perature distribution for —-L =x = +L. Calculate 
values of the temperatures at the surfaces, x = +L, 
and the midpoint, x = 0. Label this distribution as 
Case 1, and explain its salient features. 


Consider conditions for which there is a loss of 
coolant and existence of a nearly adiabatic con- 
dition on the x = +L surface. On the T — x coordi- 
nates used for part (a), sketch the corresponding 
steady-state temperature distribution and indicate 
the temperatures at x = 0, +L. Label the distribu- 
tion as Case 2, and explain its key features. 


(c) 


(d) 
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With the system operating as described in part (b), 
the surface x = —L also experiences a sudden loss of 
coolant. This dangerous situation goes undetected for 
15 min, at which time the power to the heater is 
deactivated. Assuming no heat losses from the sur- 
faces of the plates, what is the eventual (t ~~), 
uniform, steady-state temperature distribution in the 
plates? Show this distribution as Case 3 on your 
sketch, and explain its key features. Hint: Apply the 
conservation of energy requirement on a time-interval 
basis, Eq. 1.12b, for the initial and final conditions 
corresponding to Case 2 and Case 3, respectively. 


On T — ¢t coordinates, sketch the temperature his- 
tory at the plate locations x = 0, +L during the 
transient period between the distributions for Cases 
2 and 3. Where and when will the temperature in 
the system achieve a maximum value? 


The one-dimensional system of mass M with constant 


properties and no internal heat generation shown in the 
figure is initially at a uniform temperature 7,. The elec- 
trical heater is suddenly energized, providing a uniform 
heat flux q’ at the surface x = 0. The boundaries at x = L 
and elsewhere are perfectly insulated. 


I Insulation 


(a) 


(b) 


(c) 


(d) 
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Electrical 
heater 


Write the differential equation, and identify the 
boundary and initial conditions that could be used 
to determine the temperature as a function of posi- 
tion and time in the system. 


On T — x coordinates, sketch the temperature distri- 
butions for the initial condition (t = 0) and for several 
times after the heater is energized. Will a steady-state 
temperature distribution ever be reached? 


On qt — t coordinates, sketch the heat flux gq‘ (x, f) at 
the planes x = 0, x = L/2, and x = L as a function 
of time. 


After a period of time ¢, has elapsed, the heater 
power is switched off. Assuming that the insulation 
is perfect, the system will eventually reach a final 
uniform temperature 7; Derive an expression that 
can be used to determine 7, as a function of the 
parameters gq, t,, T;, and the system characteristics 


M, c,, and A, (the heater surface area). 


Consider a one-dimensional plane wall of thickness 2L. 


The surface at x= —L is subjected to convective 
conditions characterized by T,,, h,, while the surface 
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at x = +L is subjected to conditions T.,. 5, hz. The initial 
temperature of the wall is T, = (7. + T..2)/2 where 
Te4 = hes 


@ * To28 


(a) Write the differential equation, and identify the 
boundary and initial conditions that could be used 
to determine the temperature distribution T(x, t) as 


a function of position and time. 
(b) On T — x coordinates, sketch the temperature dis- 
tributions for the initial condition, the steady-state 
condition, and for two intermediate times for the 
case h, = hy. 
On gi — t coordinates, sketch the heat flux q(x, 1) 
at the planes x = 0, —L, and +L. 


(c) 
(d) The value of h, is now doubled with all other con- 
ditions being identical as in parts (a) through (c). 
On T — x coordinates drawn to the same scale as 
used in part (b), sketch the temperature distribu- 
tions for the initial condition, the steady-state con- 
dition, and for two intermediate times. Compare the 
sketch to that of part (b). 


Using the doubled value of /,, sketch the heat flux 
q(x, t) at the planes x = 0, —L, and +L on the same 
plot you prepared for part (c). Compare the two 
responses. 


(e) 


A large plate of thickness 2L is at a uniform tempera- 
ture of T; = 200°C, when it is suddenly quenched by 
dipping it in a liquid bath of temperature T,, = 20°C. 
Heat transfer to the liquid is characterized by the con- 
vection coefficient h. 


(a) If x = O corresponds to the midplane of the wall, on 
T — x coordinates, sketch the temperature distribu- 
tions for the following conditions: initial condition 
(t= 0), steady-state condition (t— ©), and two 
intermediate times. 


(b) On ¢ — ¢ coordinates, sketch the variation with 
time of the heat flux at x = L. 
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(c) If h = 100 W/m?-K, what is the heat flux at x = L 
and t = 0? If the wall has a thermal conductivity of 
k = 50 W/m: K what is the corresponding tempera- 
ture gradient at x = L? 
(d) Consider a plate of thickness 2 = 20mm with a 
density of p= 2770kg/m* and a specific heat 
c, = 875 J/kg: K. By performing an energy balance 
on the plate, determine the amount of energy per 
unit surface area of the plate (J/m’) that is trans- 
ferred to the bath over the time required to reach 
steady-state conditions. 


(e) From other considerations, it is known that, during 
the quenching process, the heat flux at x = +L and 
x = —L decays exponentially with time according to 
the relation, ¢’ =A exp(—Br), where f is in seconds, 
A = 1.80 X 10* W/m’, and B = 4.126 X 10°73 s71. 
Use this information to determine the energy per 
unit surface area of the plate that is transferred to 


the fluid during the quenching process. 


The plane wall with constant properties and no internal 
heat generation shown in the figure is initially at a uniform 
temperature 7;. Suddenly the surface at x = L is heated by 
a fluid at T,, having a convection heat transfer coefficient h. 
The boundary at x = 0 is perfectly insulated. 


a 


Insulation —=.! 


| 
L 


—rX 


(a) Write the differential equation, and identify the 
boundary and initial conditions that could be used 
to determine the temperature as a function of posi- 
tion and time in the wall. 


(b) On T — x coordinates, sketch the temperature dis- 
tributions for the following conditions: initial con- 
dition (t = 0), steady-state condition (t— ©), and 
two intermediate times. 

(c) On g — t coordinates, sketch the heat flux at the 
locations x = 0, x = L. That is, show qualitatively 
how q''(0, ft) and q?(L, tf) vary with time. 

(d) 


Write an expression for the total energy transferred 
to the wall per unit volume of the wall (J/m*). 


Consider the steady-state temperature distributions 
within a composite wall composed of Material A and 
Material B for the two cases shown. There is no 
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internal generation, and the conduction process is one- 
dimensional. 


Case 1 Case 2 


Answer the following questions for each case. Which 
material has the higher thermal conductivity? Does the 
thermal conductivity vary significantly with tempera- 
ture? If so, how? Describe the heat flux distribution 
g(x) through the composite wall. If the thickness and 
thermal conductivity of each material were both dou- 
bled and the boundary temperatures remained the same, 
what would be the effect on the heat flux distribution? 


Case 1. Linear temperature distributions exist in both 
materials, as shown. 

Case 2. Nonlinear temperature distributions exist in 
both materials, as shown. 


A plane wall has constant properties, no internal heat 
generation, and is initially at a uniform temperature 7;,. 
Suddenly, the surface at x = L is heated by a fluid at T,, 
having a convection coefficient h. At the same instant, 
the electrical heater is energized, providing a constant 
heat flux q” at x = 0. 


Heater 


Insulation —<" 


Lis Ff 


(a) On T— x coordinates, sketch the temperature 
distributions for the following conditions: initial 
condition (t= 0), steady-state condition (t— ©), 
and for two intermediate times. 
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(b) On g’— x coordinates, sketch the heat flux corre- 
sponding to the four temperature distributions of 
part (a). 

(c) On gq" — t coordinates, sketch the heat flux at the 
locations x = 0 and x = L. That is, show qualita- 
tively how (0, t) and q/(Z, t) vary with time. 


(d) Derive an expression for the steady-state tempera- 
ture at the heater surface, 7(0, ©), in terms of q, 
T.., k, h, and L. 


A plane wall with constant properties is initially at a uni- 
form temperature T,. Suddenly, the surface at x = L is 
exposed to a convection process with a fluid at T.,(>T,) 
having a convection coefficient h. Also, suddenly the 
wall experiences a uniform internal volumetric heating g 
that is sufficiently large to induce a maximum steady- 
state temperature within the wall, which exceeds that of 
the fluid. The boundary at x = 0 remains at T,,. 


eX 


(a) On T — x coordinates, sketch the temperature dis- 
tributions for the following conditions: initial con- 
dition (t = 0), steady-state condition (t— ©), and 
for two intermediate times. Show also the distribu- 
tion for the special condition when there is no heat 
flow at the x = L boundary. 


(b) On g"’— t coordinates, sketch the heat flux for the 
locations x =0 and x=L, that is, g((0,f) and 


GAL, t), respectively. 


Consider the conditions associated with Problem 2.60, 
but now with a convection process for which T,, < T,,. 


(a) On T — x coordinates, sketch the temperature dis- 
tributions for the following conditions: initial con- 
dition (t = 0), steady-state condition (t— ©), and 
for two intermediate times. Identify key features of 
the distributions, especially the location of the 
maximum temperature and the temperature gradi- 
ent atx = L. 


(b) On g’—t coordinates, sketch the heat flux for 
the locations x = 0 and x = L, that is, g((O, t) and 
QL, t), respectively. Identify key features of the flux 


histories. 
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Consider the steady-state temperature distribution within 
a composite wall composed of Materials A and B. 


Ly» 


The conduction process is one-dimensional. Within 
which material does uniform volumetric generation 
occur? What is the boundary condition at x = —L,? 
How would the temperature distribution change if the 
thermal conductivity of Material A were doubled? 
How would the temperature distribution change if the 
thermal conductivity of Material B were doubled? Does 
a contact resistance exist at the interface between the 
two materials? Sketch the heat flux distribution g(x) 
through the composite wall. 


A spherical particle of radius r; experiences uniform ther- 
mal generation at a rate of g. The particle is encapsulated 
by a spherical shell of outside radius r, that is cooled by 
ambient air. The thermal conductivities of the particle and 
shell are k, and k,, respectively, where k, = 2k). 


Chemical reaction 


Ambient air 
€. 7... & 


ry 


Control volume B 


Control volume A 


(a) By applying the conservation of energy principle to 
spherical control volume A, which is placed at an 
arbitrary location within the sphere, determine a 
relationship between the temperature gradient 
dT/dr and the local radius r, forO =r = 14. 


(b) By applying the conservation of energy principle 
to spherical control volume B, which is placed 


at an arbitrary location within the spherical shell, 


determine a relationship between the temperature 
gradient dT/dr and the local radius r, for r, = r S 15. 


(c) On T — r coordinates, sketch the temperature dis- 
tribution over the range 0 = r S 1p. 


2.64 A long cylindrical rod, initially at a uniform tempera- 
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ture T;, is suddenly immersed in a large container of 
liquid at T,, < T;. Sketch the temperature distribution 
within the rod, 7(r), at the initial time, at steady state, 
and at two intermediate times. On the same graph, 
carefully sketch the temperature distributions that 
would occur at the same times within a second rod that 
is the same size as the first rod. The densities and spe- 
cific heats of the two rods are identical, but the thermal 
conductivity of the second rod is very large. Which rod 
will approach steady-state conditions sooner? Write the 
appropriate boundary conditions that would be applied 
at r = 0 and r = D/2 for either rod. 


A plane wall of thickness L = 0.1 m experiences uniform 
volumetric heating at a rate g. One surface of the wall 
(x = 0) is insulated, and the other surface is exposed to a 
fluid at T,, = 20°C, with convection heat transfer charac- 
terized by h = 1000 W/m? - K. Initially, the temperature 
distribution in the wall is T(x,0) = a+ bx, where 
a = 300°C, b = —1.0 X 10*°C/m?, and x is in meters. 
Suddenly, the volumetric heat generation is deactivated 
(g = 0 for t = 0), while convection heat transfer contin- 
ues to occur at x = L. The properties of the wall are 
p = 7000 kg/m’, c, = 450 J/kg-K, and k = 90 W/m: K. 


vy 3 k, p, Cp» qt <0) 
we 
x 


(a) Determine the magnitude of the volumetric energy 
generation rate q associated with the initial condi- 
tion (t < 0). 

On T — x coordinates, sketch the temperature dis- 
tribution for the following conditions: initial condi- 
tion (t< 0), steady-state condition (t—%), and 
two intermediate conditions. 


(b) 


(c) On q! —t coordinates, sketch the variation with 
time of the heat flux at the boundary exposed to the 
convection process, 9(L, f). Calculate the corre- 


sponding value of the heat flux at t = 0, q(L, 0). 
(d) 


Calculate the amount of energy removed from the 
wall per unit area (J/m*) by the fluid stream 
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as the wall cools from its initial to steady-state 
condition. 


A plane wall that is insulated on one side (x = 0) is 

initially at a uniform temperature 7;, when its exposed 

surface at x = L is suddenly raised to a temperature T,. 

(a) Verify that the following equation satisfies the heat 
equation and boundary conditions: 


T(x, t) — T, ta TW at cost =~ 
=, Lee 2 


where C, is a constant and a is the thermal 
diffusivity. 

(b) Obtain expressions for the heat flux at x =O and 
x=L. 

(c) Sketch the temperature distribution T(x) at t = 0, at 
t — ©, and at an intermediate time. Sketch the vari- 
ation with time of the heat flux at x = L, q(t). 


(d) What effect does a have on the thermal response of 
the material to a change in surface temperature? 


A composite one-dimensional plane wall is of overall 
thickness 2L. Material A spans the domain —L = x <0 
and experiences an exothermic chemical reaction leading 
to a uniform volumetric generation rate of g,. Material B 
spans the domain 0 = x = L and undergoes an endo- 
thermic chemical reaction corresponding to a uniform 
volumetric generation rate of gg = —Q,. The surfaces 
at x= +L are insulated. Sketch the steady-state 
temperature and heat flux distributions T(x) and 
q(x), respectively, over the domain -L=x=<L for 
ky =kg, ky =0.5kg, and ky = 2kg. Point out the 
important features of the distributions you have drawn. 
If gg = —2q,, can you sketch the steady-state tempera- 
ture distribution? 


Typically, air is heated in a hair dryer by blowing it 
across a coiled wire through which an electric current is 
passed. Thermal energy is generated by electric resis- 
tance heating within the wire and is transferred by con- 
vection from the surface of the wire to the air. Consider 
conditions for which the wire is initially at room 
temperature, 7;, and resistance heating is concurrently 
initiated with airflow at t = 0. 
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Coiled wire (r,, L, k, p, Cy) 


Airflow 


(a) For a wire radius r,, an air temperature T,,, and a 
convection coefficient h, write the form of the 
heat equation and the boundary/initial conditions 
that govern the transient thermal response, 7(7, 1), 
of the wire. 


(b) If the length and radius of the wire are 500 mm and 
1mm, respectively, what is the volumetric rate of 
thermal energy generation for a power consump- 
tion of P.j.. = 500 W? What is the convection heat 
flux under steady-state conditions? 


(c) On T—r coordinates, sketch the temperature 
distributions for the following conditions: initial 
condition (t= 0), steady-state condition (t— ©), 
and for two intermediate times. 


(d) On q!— t coordinates, sketch the variation of the 
heat flux with time for locations at r = 0 and r = r,. 


2.69 The steady-state temperature distribution in a compos- 


ite plane wall of three different materials, each of con- 
stant thermal conductivity, is shown. 


x 


(a) Comment on the relative magnitudes of g¥ and q%, 
and of q3 and qj. 


(b) Comment on the relative magnitudes of ky and kg, 
and of kg and ke. 


(c) Sketch the heat flux as a function of x. 
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T n this chapter we treat situations for which heat is transferred by diffusion under one- 
dimensional, steady-state conditions. The term one-dimensional refers to the fact that only 
one coordinate is needed to describe the spatial variation of the dependent variables. Hence, 
in a one-dimensional system, temperature gradients exist along only a single coordinate 
direction, and heat transfer occurs exclusively in that direction. The system is characterized 
by steady-state conditions if the temperature at each point is independent of time. Despite 
their inherent simplicity, one-dimensional, steady-state models may be used to accurately 
represent numerous engineering systems. 

We begin our consideration of one-dimensional, steady-state conduction by discussing 
heat transfer with no internal generation of thermal energy (Sections 3.1 through 3.4). The 
objective is to determine expressions for the temperature distribution and heat transfer rate 
in common (planar, cylindrical, and spherical) geometries. For such geometries, an addi- 
tional objective is to introduce the concept of thermal resistance and to show how thermal 
circuits may be used to model heat flow, much as electrical circuits are used for current 
flow. The effect of internal heat generation is treated in Section 3.5, and again our objective 
is to obtain expressions for determining temperature distributions and heat transfer rates. In 
Section 3.6, we consider the special case of one-dimensional, steady-state conduction for 
extended surfaces. In their most common form, these surfaces are termed fins and are used 
to enhance heat transfer by convection to an adjoining fluid. In addition to determining 
related temperature distributions and heat rates, our objective is to introduce performance 
parameters that may be used to determine their efficacy. Finally, in Sections 3.7 through 
3.9 we apply heat transfer and thermal resistance concepts to the human body, including 
the effects of metabolic heat generation and perfusion; to thermoelectric power generation 
driven by the Seebeck effect; and to micro- and nanoscale conduction in thin gas layers and 
thin solid films. 


3-1 The Plane Wall 


For one-dimensional conduction in a plane wall, temperature is a function of the x-coordinate 
only and heat is transferred exclusively in this direction. In Figure 3.1a, a plane wall sepa- 
rates two fluids of different temperatures. Heat transfer occurs by convection from the hot 
fluid at T..., to one surface of the wall at T,,, by conduction through the wall, and by con- 
vection from the other surface of the wall at 7, to the cold fluid at T,, 5. 

We begin by considering conditions within the wall. We first determine the temperature 
distribution, from which we can then obtain the conduction heat transfer rate. 


3.1.1 Temperature Distribution 


The temperature distribution in the wall can be determined by solving the heat equation 
with the proper boundary conditions. For steady-state conditions with no distributed 
source or sink of energy within the wall, the appropriate form of the heat equation is 
Equation 2.23 


d(,dr)_ 
4 («| 0 (3.1) 
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Hence, from Equation 2.2, it follows that, for one-dimensional, steady-state conduction in 
a plane wall with no heat generation, the heat flux is a constant, independent of x. If the 
thermal conductivity of the wall material is assumed to be constant, the equation may be 
integrated twice to obtain the general solution 


T(x) = Cx t+ C, (3.2) 


To obtain the constants of integration, C, and C,, boundary conditions must be introduced. 
We choose to apply conditions of the first kind at x = 0 and x = L, in which case 


T0)=T,, and T(L)=T,» 
Applying the condition at x = 0 to the general solution, it follows that 
Py = Co 
Similarly, at x = L, 
Tg =O Lt = OL+ 7,5 


in which case 


Substituting into the general solution, the temperature distribution is then 
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From this result it is evident that, for one-dimensional, steady-state conduction in a plane 
wall with no heat generation and constant thermal conductivity, the temperature varies 
linearly with x. 

Now that we have the temperature distribution, we may use Fourier’s law, Equation 2.1, 
to determine the conduction heat transfer rate. That is, 


dT _kA 
= i, 
arr 7 


dx = T,2) (3.4) 


Note that A is the area of the wall normal to the direction of heat transfer and, for the plane 
wall, it is a constant independent of x. The heat flux is then 


a” Ix 
g=t=F a, -T) G.5) 


Equations 3.4 and 3.5 indicate that both the heat rate g, and heat flux gq’ are constants, inde- 
pendent of x. 

In the foregoing paragraphs we have used the standard approach to solving conduc- 
tion problems. That is, the general solution for the temperature distribution is first 
obtained by solving the appropriate form of the heat equation. The boundary conditions 
are then applied to obtain the particular solution, which is used with Fourier’s law to 
determine the heat transfer rate. Note that we have opted to prescribe surface temperatures 
at x = 0 and x = Las boundary conditions, even though it is the fluid temperatures, not the 
surface temperatures, that are typically known. However, since adjoining fluid and surface 
temperatures are easily related through a surface energy balance (see Section 1.3.1), it is a 
simple matter to express Equations 3.3 through 3.5 in terms of fluid, rather than surface, 
temperatures. Alternatively, equivalent results could be obtained directly by using the sur- 
face energy balances as boundary conditions of the third kind in evaluating the constants 
of Equation 3.2 (see Problem 3.1). 


2ae1.2 Thermal Resistance 


At this point we note that, for the special case of one-dimensional heat transfer with no 
internal energy generation and with constant properties, a very important concept is sug- 
gested by Equation 3.4. In particular, an analogy exists between the diffusion of heat and 
electrical charge. Just as an electrical resistance is associated with the conduction of elec- 
tricity, a thermal resistance may be associated with the conduction of heat. Defining resis- 
tance as the ratio of a driving potential to the corresponding transfer rate, it follows from 
Equation 3.4 that the thermal resistance for conduction in a plane wall is 


(3.6) 


Similarly, for electrical conduction in the same system, Ohm’s law provides an electrical 
resistance of the form 


R,=— —_ (3.7) 
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The analogy between Equations 3.6 and 3.7 is obvious. A thermal resistance may also be 
associated with heat transfer by convection at a surface. From Newton’s law of cooling, 


g =A, — Ta) (3.8) 


The thermal resistance for convection is then 


{ie eae | 
q hA 


(3.9) 


R t,conv = 


Circuit representations provide a useful tool for both conceptualizing and quantifying 
heat transfer problems. The equivalent thermal circuit for the plane wall with convection 
surface conditions is shown in Figure 3.1b. The heat transfer rate may be determined from 
separate consideration of each element in the network. Since gq, is constant throughout the 
network, it follows that 


Poa Ts, Tri — Tea _ Tg — Ton 
dx = Tt 7 (3.10) 
I/h,A LIkA 1/h,A 

In terms of the overall temperature difference, T.,, — T..., and the total thermal resistance, 

R,.,, the heat transfer rate may also be expressed as 

Ls 1 T. e) 
= (3.11) 
Root 


Because the conduction and convection resistances are in series and may be summed, it 
follows that 


ere Sere 


R = T 
‘tT hA kA hA 


(3.12) 


Radiation exchange between the surface and surroundings may also be important if the 
convection heat transfer coefficient is small (as it often is for natural convection in a gas). 
A thermal resistance for radiation may be defined by reference to Equation 1.8: 


Re eee a (3.13) 


For radiation between a surface and large surroundings, h, is determined from Equation 1.9. 
Surface radiation and convection resistances act in parallel, and if T,, = T,,,, they may be 
combined to obtain a single, effective surface resistance. 


3.1.3 The Composite Wall 


Equivalent thermal circuits may also be used for more complex systems, such as composite 
walls. Such walls may involve any number of series and parallel thermal resistances due to 
layers of different materials. Consider the series composite wall of Figure 3.2. The one- 
dimensional heat transfer rate for this system may be expressed as 


Teo. —_ Dod 


eee alia 3.14 
qx SR, (3.14) 
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Too 


FicurE 3.2 Equivalent thermal circuit for a series composite wall. 


where T.,, — T..4 is the overall temperature difference, and the summation includes all 
thermal resistances. Hence 


_ Te. — Teo4 
~ [(.Mn)A) + (La/kyA) + (Lg/kpA) + (LelkcA) + (/h,A)] 


qx (3.15) 


Alternatively, the heat transfer rate can be related to the temperature difference and resis- 
tance associated with each element. For example, 
fr = T. 


Ss, 


aa ae | 
= = =. (3.16) 
(1/h,A) (LalkyA) — (Lig/kpA) 


Ix ~ 


With composite systems, it is often convenient to work with an overall heat transfer coeffi- 
cient U, which is defined by an expression analogous to Newton’s law of cooling. Accordingly, 


where AT is the overall temperature difference. The overall heat transfer coefficient is related 
to the total thermal resistance, and from Equations 3.14 and 3.17 we see that UA = 1/R,,. 
Hence, for the composite wall of Figure 3.2, 


1 1 


= RA [(1My) + (Lalka) + Elk) + Elke) + (1hy)] 


(3.18) 


In general, we may write 
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FIGURE 3.3 Equivalent thermal circuits 
(b) for a series—parallel composite wall. 


Composite walls may also be characterized by series—parallel configurations, such as 
that shown in Figure 3.3. Although the heat flow is now multidimensional, it is often reason- 
able to assume one-dimensional conditions. Subject to this assumption, two different thermal 
circuits may be used. For case (a) it is presumed that surfaces normal to the x-direction are 
isothermal, whereas for case (b) it is assumed that surfaces parallel to the x-direction 
are adiabatic. Different results are obtained for R,,,, and the corresponding values of 
q bracket the actual heat transfer rate. These differences increase with increasing lkp —kg 
as multidimensional effects become more significant. 


> 


3.1.4 Contact Resistance 


Although neglected until now, it is important to recognize that, in composite systems, the 
temperature drop across the interface between materials may be appreciable. This tempera- 
ture change is attributed to what is known as the thermal contact resistance, R,,. The effect 
is shown in Figure 3.4, and for a unit area of the interface, the resistance is defined as 


a (3.20) 


The existence of a finite contact resistance is due principally to surface roughness effects. 
Contact spots are interspersed with gaps that are, in most instances, air filled. Heat transfer is 
therefore due to conduction across the actual contact area and to conduction and/or radiation 
across the gaps. The contact resistance may be viewed as two parallel resistances: that due to 
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FicurE 3.4 Temperature drop due to 
x thermal contact resistance. 


the contact spots and that due to the gaps. The contact area is typically small, and, especially 
for rough surfaces, the major contribution to the resistance is made by the gaps. 

For solids whose thermal conductivities exceed that of the interfacial fluid, the contact 
resistance may be reduced by increasing the area of the contact spots. Such an increase may 
be effected by increasing the joint pressure and/or by reducing the roughness of the mating 
surfaces. The contact resistance may also be reduced by selecting an interfacial fluid of 
large thermal conductivity. In this respect, no fluid (an evacuated interface) eliminates con- 
duction across the gap, thereby increasing the contact resistance. Likewise, if the character- 
istic gap width L becomes small (as, for example, in the case of very smooth surfaces in 
contact), L/A,,) Can approach values for which the thermal conductivity of the interfacial 
gas is reduced by microscale effects, as discussed in Section 2.2. 

Although theories have been developed for predicting R/’., the most reliable results are 
those that have been obtained experimentally. The effect of loading on metallic interfaces 
can be seen in Table 3.1a, which presents an approximate range of thermal resistances 
under vacuum conditions. The effect of interfacial fluid on the thermal resistance of an alu- 
minum interface is shown in Table 3.1. 

Contrary to the results of Table 3.1, many applications involve contact between dissimi- 
lar solids and/or a wide range of possible interstitial (filler) materials (Table 3.2). Any intersti- 
tial substance that fills the gap between contacting surfaces and whose thermal conductivity 
exceeds that of air will decrease the contact resistance. Two classes of materials that are 
well suited for this purpose are soft metals and thermal greases. The metals, which include 


TABLE 3.1 Thermal contact resistance for (a) metallic interfaces 
under vacuum conditions and (b) aluminum interface (10-u4m 
surface roughness, 10° N/m’) with different interfacial fluids [1] 


Thermal Resistance, R/, X 10‘ (m?-K/W) 


(a) Vacuum Interface (b) Interfacial Fluid 
Contact pressure 100 kN/m?* 10,000 kN/m? Air 2.75 
Stainless steel 6-25 0.7—4.0 Helium 1.05 
Copper 1-10 0.1-0.5 Hydrogen 0.720 
Magnesium 1.5-3.5 0.2-0.4 Silicone oil 0.525 


Aluminum 1.5-5.0 0.2-0.4 Glycerine 0.265 
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TABLE 3.2 Thermal resistance of representative solid/solid interfaces 


Interface RY, X 104 (m?+ K/W) Source 
Silicon chip/lapped aluminum in air 0.3-0.6 [2] 
(27-500 kN/m?) 

Aluminum/aluminum with indium foil ~0.07 {1, 3] 
filler (~ 100 kN/m?) 

Stainless/stainless with indium foil ~0.04 {1, 3] 
filler (~3500 kN/m’) 

Aluminum/aluminum with metallic (Pb) 0.01—0.1 [4] 
coating 

Aluminum/aluminum with Dow Corning ~0.07 {1, 3] 
340 grease (~100 kN/m’) 

Stainless/stainless with Dow Corning ~0.04 (1, 3] 
340 grease (~3500 kN/m’) 

Silicon chip/aluminum with 0.02-mm 0.2-0.9 [5] 
epoxy 

Brass/brass with 15-m tin solder 0.025—0.14 [6] 


indium, lead, tin, and silver, may be inserted as a thin foil or applied as a thin coating to one 
of the parent materials. Silicon-based thermal greases are attractive on the basis of their abil- 
ity to completely fill the interstices with a material whose thermal conductivity is as much as 
50 times that of air. 

Unlike the foregoing interfaces, which are not permanent, many interfaces involve per- 
manently bonded joints. The joint could be formed from an epoxy, a soft solder rich in lead, 
or a hard solder such as a gold/tin alloy. Due to interface resistances between the parent and 
bonding materials, the actual thermal resistance of the joint exceeds the theoretical value (L/k) 
computed from the thickness L and thermal conductivity k of the joint material. The thermal 
resistance of epoxied and soldered joints is also adversely affected by voids and cracks, which 
may form during manufacture or as a result of thermal cycling during normal operation. 

Comprehensive reviews of thermal contact resistance results and models are provided 
by Snaith et al. [3], Madhusudana and Fletcher [7], and Yovanovich [8]. 


3.1.5 Porous Media 


In many applications, heat transfer occurs within porous media that are combinations of a sta- 
tionary solid and a fluid. When the fluid is either a gas or a liquid, the resulting porous 
medium is said to be saturated. In contrast, all three phases coexist in an unsaturated 
porous medium. Examples of porous media include beds of powder with a fluid occupying 
the interstitial regions between individual granules, as well as the insulation systems and 
nanofluids of Section 2.2.1. A saturated porous medium that consists of a stationary solid 
phase through which a fluid flows is referred to as a packed bed and is discussed in Section 7.8. 

Consider a saturated porous medium that is subjected to surface temperatures 7, at 
x = 0 and 7; at x = L, as shown in Figure 3.5a. After steady-state conditions are reached 
and if T, > T,, the heat rate may be expressed as 


KegpA 


ars (T; — T)) (3.21) 
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where k,,,is an effective thermal conductivity. Equation 3.21 is valid if fluid motion, as 
well as radiation heat transfer within the medium, are negligible. The effective thermal con- 
ductivity varies with the porosity or void fraction of the medium e which is defined as the 
volume of fluid relative to the total volume (solid and fluid). In addition, k.- depends on 
the thermal conductivities of each of the phases and, in this discussion, it is assumed that 
k, > kp The detailed solid phase geometry, for example the size distribution and packing 
arrangement of individual powder particles, also affects the value of k.. Contact resis- 
tances that might evolve at interfaces between adjacent solid particles can impact the value 
Of Ker. As discussed in Section 2.2.1, nanoscale phenomena might also influence the effec- 
tive thermal conductivity. Hence, prediction of k.»- can be difficult and, in general, requires 
detailed knowledge of parameters that might not be readily available. 

Despite the complexity of the situation, the value of the effective thermal conductivity 
may be bracketed by considering the composite walls of Figures 3.55 and 3.5c. In Figure 3.5b, 
the medium is modeled as an equivalent, series composite wall consisting of a fluid region of 
length eZ and a solid region of length (1 — ¢)L. Applying Equations 3.17 and 3.18 to this model 
for which there is no convection (h,; = h, = 0) and only two conduction terms, it follows that 


AAT 


= 3.22 
te — e)L Ik, + eL lk, va 
Equating this result to Equation 3.21, we then obtain 
: (3.23) 


— 

ofimin (1 — elk, + elk 

Alternatively, the medium of Figure 3.5a could be described by the equivalent, parallel com- 
posite wall consisting of a fluid region of width ew and a solid region of width (1 — e)w, as 
shown in Figure 3.5c. Combining Equation 3.21 with an expression for the equivalent 


resistance of two resistors in parallel gives 


ett max = ek, + (1 a e)k, (3.24) 


eL *— 
ka - He 


T, 


—> ov > 0 WA A-9 
qT T, a tT 
L 4 (l-e)L eL 
iA KA kA 
(a) (b) 


FIGURE 3.5 A porous medium. (a) The medium and its properties. (b) Series thermal resistance 
representation. (c) Parallel resistance representation. 


eT 
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While Equations 3.23 and 3.24 provide the minimum and maximum possible values of 
Kg, More accurate expressions have been derived for specific composite systems within 
which nanoscale effects are negligible. Maxwell [9] derived an expression for the effective 
electrical conductivity of a solid matrix interspersed with uniformly distributed, noncon- 
tacting spherical inclusions. Noting the analogy between Equations 3.6 and 3.7, Maxwell’s 
result may be used to determine the effective thermal conductivity of a saturated porous 
medium consisting of an interconnected solid phase within which a dilute distribution of 
spherical fluid regions exists, resulting in an expression of the form [10] 


ip oe Soe 
=| zs | : (3.25) 


ot Le + 2k, + elk, — kp) 


Equation 3.25 is valid for relatively small porosities (¢ S 0.25) as shown schematically in 
Figure 3.5a [11]. It is equivalent to the expression introduced in Example 2.2 for a fluid 
that contains a dilute mixture of solid particles, but with reversal of the fluid and solid. 

When analyzing conduction within porous media, it is important to consider the poten- 
tial directional dependence of the effective thermal conductivity. For example, the media 
represented in Figure 3.55 or Figure 3.5c would not be characterized by isotropic proper- 
ties, since the effective thermal conductivity in the x-direction is clearly different from val- 
ues of k.,, in the vertical direction. Hence, although Equations 3.23 and 3.24 can be used to 
bracket the actual value of the effective thermal conductivity, they will generally overpre- 
dict the possible range of k,,- for isotropic media. For isotropic media, expressions have 
been developed to determine the minimum and maximum possible effective thermal con- 
ductivities based solely on knowledge of the porosity and the thermal conductivities of the 
solid and fluid. Specifically, the maximum possible value of kin an isotropic porous 
medium is given by Equation 3.25, which corresponds to an interconnected, high thermal 
conductivity solid phase. The minimum possible value of Kk, for an isotropic medium corre- 
sponds to the case where the fluid phase forms long, randomly oriented fingers within the 
medium [12]. Additional information regarding conduction in saturated porous media is 
available [13]. 


EXAMPLE 3.1 


In Example 1.7, we calculated the heat loss rate from a human body in air and water envi- 
ronments. Now we consider the same conditions except that the surroundings (air or water) 
are at 10°C. To reduce the heat loss rate, the person wears special sporting gear (snow suit 
and wet suit) made from a nanostructured silica aerogel insulation with an extremely low 
thermal conductivity of 0.014 W/m - K. The emissivity of the outer surface of the snow and 
wet suits is 0.95. What thickness of aerogel insulation is needed to reduce the heat loss rate 
to 100 W (a typical metabolic heat generation rate) in air and water? What are the resulting 
skin temperatures? 


SOLUTION 


Known: Inner surface temperature of a skin/fat layer of known thickness, thermal con- 
ductivity, and surface area. Thermal conductivity and emissivity of snow and wet suits. 
Ambient conditions. 
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Find: Insulation thickness needed to reduce heat loss rate to 100 W and corresponding 
skin temperature. 


Schematic: 
9 +— € = 0.95 
T, = 35°C —@ Toy, = 10°C 
Insulation 
—}— king = 0.014 W/mK 
keg = 0.3 W/mK 
T,, = 10°C 
h = 2 W/mK (Air) 
h = 200 W/m*sK (Water) 
+ Le = 3 mm +t— Ling f { f 
Air or 
water 
Assumptions: 


1. Steady-state conditions. 
. One-dimensional heat transfer by conduction through the skin/fat and insulation layers. 


2. 

3. Contact resistance is negligible. 

4. Thermal conductivities are uniform. 
5 


. Radiation exchange between the skin surface and the surroundings is between a small 
surface and a large enclosure at the air temperature. 


6. Liquid water is opaque to thermal radiation. 
7. Solar radiation is negligible. 
8. Body is completely immersed in water in part 2. 


Analysis: The thermal circuit can be constructed by recognizing that resistance to heat 
flow is associated with conduction through the skin/fat and insulation layers and convection 
and radiation at the outer surface. Accordingly, the circuit and the resistances are of the fol- 
lowing form (with h, = 0 for water): 


1 


iA 


The total thermal resistance needed to achieve the desired heat loss rate is found from 
Equation 3.19, 


T;,-To _ (35-10)K 
q 100 W 


Ro = = 0.25 K/W 


The total thermal resistance between the inside of the skin/fat layer and the cold sur- 
roundings includes conduction resistances for the skin/fat and insulation layers and an 
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effective resistance associated with convection and radiation, which act in parallel. 
Hence, 


R =_ Lg Lins 1 1 - _ 1 Lg +4 Lins 4 1 
RGA A WhA WhA A \kge King bh +h, 


This equation can be solved for the insulation thickness. 

Air 

The radiation heat transfer coefficient is approximated as having the same value as in 
Example 1.7: h,= 5.9 W/m?:K. 


Lg 1 
L,,, = k,,.| ARio. — —- — 
ins al tot kee h + “| 
D) 3 x 10°-7*m 1 
= 0.014 W/m: K} 1.8 m* X 0.25 K/W 
0.3 W/m:K = (2+ 5.9) W/m’: | 
= 0.0044 m = 4.4 mm J 
Water 
Leg 1 
Li. = Knol ARiop — —- — > 
Ins ins tot ke 1 
3xX107m 1 
= 0.014 W/m: K| 1.8 m? X 0.25 K/W 
- 0.3Wim-K 200 W/m? -| 
= 0.0061 m = 6.1 mm <J 


These required thicknesses of insulation material can easily be incorporated into the snow 
and wet suits. 
The skin temperature can be calculated by considering conduction through the skin/fat 
layer: 
_ ke AT — Ts) 
Lg 


or solving for 7, 


L -3 
_ Gs _ 3500 _ 100 W X3 X 10m 


: = 34.4°C <J 
kyA 0.3 W/m: K X 1.8 m2? 


The skin temperature is the same in both cases because the heat loss rate and skin/fat proper- 
ties are the same. 


Comments: 


1. The nanostructured silica aerogel is a porous material that is only about 5% solid. Its 
thermal conductivity is less than the thermal conductivity of the gas that fills its pores. 
As explained in Section 2.2, the reason for this seemingly impossible result is that the 
pore size is only around 20 nm, which reduces the mean free path of the gas and hence 
decreases its thermal conductivity. 
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2. By reducing the heat loss rate to 100 W, a person could remain in the cold environ- 


ments indefinitely without becoming chilled. The skin temperature of 34.4°C would 
feel comfortable. 


. In the water case, the thermal resistance of the insulation dominates and all other resis- 


tances can be neglected. 


. The convection heat transfer coefficient associated with the air depends on the wind 


conditions, and it can vary over a broad range. As it changes, so will the outer surface 
temperature of the insulation layer. Since the radiation heat transfer coefficient depends 
on this temperature, it will also vary. We can perform a more complete analysis that takes 
this into account. The radiation heat transfer coefficient is given by Equation 1.9: 


h, = €0(T,4 + Tou(Teg + Tin) (1) 


Here 7,, is the outer surface temperature of the insulation layer, which can be calcu- 
lated from 


T= Lg ih Lins (2) 
*e _ kA KinsA 


Since this depends on the insulation thickness, we also need the previous equation 
for Lins’ 


Ins* 


L 1 
Lies a kn( ak ot t (3) 
ka «=O +h, 


With all other values known, these three equations can be solved for the required 
insulation thickness. Using all the values from above, these equations have been 
solved for values of h in the range 0 = h < 100 W/m’: K, and the results are repre- 
sented graphically. 


Ling (mm) 
ol 


0 10 20 30 40 50 60 70 80 90 100 
h (W/m?+K) 


Increasing h reduces the corresponding convection resistance, which then requires 
additional insulation to maintain the heat transfer rate at 100 W. Once the heat transfer 
coefficient exceeds approximately 60 W/m’: K, the convection resistance is negligible 
and further increases in h have little effect on the required insulation thickness. 
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The outer surface temperature and radiation heat transfer coefficient can also be 
calculated. As h increases from 0 to 100 W/m?-K, T,, decreases from 294 to 284 K, 
while h, decreases from 5.2 to 4.9 W/m*:K. The initial estimate of h, = 5.9 W/m*:K 
was not highly accurate. Using this more complete model of the radiation heat 
transfer, with h = 2 W/m’-K, the radiation heat transfer coefficient is 5.1 W/m7- K, 
and the required insulation thickness is 4.2 mm, close to the value calculated in the 
first part of the problem. 


5. See Example 3.1 in JHT. This problem can also be solved using the thermal resistance 
network builder, Models/Resistance Networks, available in IHT. 


EXAMPLE 3.2 


A thin silicon chip and an 8-mm-thick aluminum substrate are separated by a 0.02-mm-thick 
epoxy joint. The chip and substrate are each 10 mm on a side, and their exposed surfaces are 
cooled by air, which is at a temperature of 25°C and provides a convection coefficient of 
100 W/m’: K. If the chip dissipates 10* W/m? under normal conditions, will it operate below a 
maximum allowable temperature of 85°C? 


SOLUTION 
| | 


Known: Dimensions, heat dissipation, and maximum allowable temperature of a silicon 
chip. Thickness of aluminum substrate and epoxy joint. Convection conditions at exposed chip 
and substrate surfaces. 


Find: Whether maximum allowable temperature is exceeded. 


Schematic: 
nN 
Air — T= 25°C { 
> = 100 Wim*K T., 
Insulation i 
Silicon chip Ht we 
eS eee oa eee - Ge—> QT, 
re - q.. R’ 
Epoxy joint a “ 
(0.02 mm) 
a L 
“ L=8mm k 
Aluminum ne 
substrate 1 
h 
Air * T= 25°C Te 
—» |= 100 Wim*k | 
OP) 
Assumptions: 


1. Steady-state conditions. 
. One-dimensional conduction (negligible heat transfer from sides of composite). 
. Negligible chip thermal resistance (an isothermal chip). 


. Constant properties. 


na bh WwW N 


. Negligible radiation exchange with surroundings. 
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Properties: Table A.1, pure aluminum (7 ~ 350 K): k = 239 W/m: K. 


Analysis: Heat dissipated in the chip is transferred to the air directly from the exposed 
surface and indirectly through the joint and substrate. Performing an energy balance on a 
control surface about the chip, it follows that, on the basis of a unit surface area, 


=U tq 


or 


he, T, — Te 


(i/h) RY. + (L/k) + /h) 


a 
Wc 


To conservatively estimate T,, the maximum possible value of R”, = 0.9 X 10-4 m?-K/W 
is obtained from Table 3.2. Hence 


1 =] 
T.=T, +a" h- 
¢ al ——n 


or 
T. = 25°C + 10* Wim? 
1 -1 
x | 1004 = m?: K/W 
(0.9 + 0.33 + 100) X 10 
T, = 25°C + 50.3°C = 75.3°C <J 


Hence the chip will operate below its maximum allowable temperature. 


Comments: 
1. The joint and substrate thermal resistances are much less than the convection resistance. 
The joint resistance would have to increase to the unrealistically large value of 50 x 10“ 
m?-K/W, before the maximum allowable chip temperature would be exceeded. 


2. The allowable power dissipation may be increased by increasing the convection coeffi- 
cients, either by increasing the air velocity and/or by replacing the air with a more 
effective heat transfer fluid. Exploring this option for 100 <= h S 2000 W/m*:K with 
T, = 85°C, the following results are obtained. 


2:5, 


Ng 
io) 


fan 
(o} 


c 


gx 10° (Wim?) 
i 
ol 


i 
a 


) 500 1000 1500 2000 
h (W/m?sK) 


As h— ©, q3 — 0 and virtually all of the chip power is transferred directly to the fluid 
stream. 
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3. As calculated, the difference between the air temperature (T., = 25°C) and the chip 
temperature (7, = 75.3°C) is 50.3 K. Keep in mind that this is a temperature difference 
and therefore is the same as 50.3°C. 


4. Consider conditions for which airflow over the chip (upper) or substrate (lower) surface 
ceases due to a blockage in the air supply channel. If heat transfer from either surface is 
negligible, what are the resulting chip temperatures for g” = 10* W/m’? [Answer, 126°C 
or 125°C] 


EXAMPLE 3.3 

SSeS 

A photovoltaic panel consists of (top to bottom) a 3-mm-thick ceria-doped glass (k, = 1.4 
W/mK), a 0.1-mm-thick optical grade adhesive (k, = 145 W/m:K), a very thin layer of sili- 
con within which solar energy is converted to electrical energy, a 0.1-mm-thick solder layer 
(Kea, = 5O W/m: K), and a 2-mm-thick aluminum nitride substrate (k,,, = 120 W/m:K). The 
solar-to-electrical conversion efficiency within the silicon layer 7 decreases with increasing 
silicon temperature, 7,,, and is described by the expression 7 = a— bT,, where a = 0.553 and 
b = 0.001 K~'. The temperature T is expressed in kelvins over the range 300K <7, < 
525 K. Of the incident solar irradiation, G = 700 W/m?, 7% is reflected from the top surface 
of the glass, 10% is absorbed at the top surface of the glass, and 83% is transmitted to and 
absorbed within the silicon layer. Part of the solar irradiation absorbed in the silicon is con- 
verted to thermal energy, and the remainder is converted to electrical energy. The glass has 
an emissivity of ¢ = 0.90, and the bottom as well as the sides of the panel are insulated. 
Determine the electric power P produced by an L = 1-m-long, w = 0.1-m-wide solar panel 
for conditions characterized by h = 35 W/m*:K and T,, = T.,, = 20°C. 


—> T= 20°C | 
Air = > = 35 Wim2-K Toy, = 20°C 


sur 


LL ee 


Electric * — Ft Ff 
power to >’ oe = sdr = O.1 mm 
grid,P —_— 


SOLUTION 


Known: Dimensions and materials of a photovoltaic solar panel. Material properties, 
solar irradiation, convection coefficient and ambient temperature, emissivity of top panel 
surface and surroundings temperature. Partitioning of the solar irradiation, and expression 
for the solar-to-electrical conversion efficiency. 


Find: Electric power produced by the photovoltaic panel. 
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Schematic: 
i = 20° T...= 20°C 
Solar irradiation Air ) —» T.,= 20°C ; sur 
G= 700 W/m? —» h=35W/m2-K 


0.07G (reflected) 


Glass HON AEN) OSE ISI OMEN L,=3mm 

Adhesive | | 

Silicon layer 0.83GLw ——>(O}—> 0.837/GLw 
“3: L,=0.1mm Ts 


Assumptions: 

1. Steady-state conditions. 
One-dimensional heat transfer. 
Constant properties. 

Negligible thermal contact resistances. 


wr wh 


Negligible temperature differences within the silicon layer. 


Analysis: Recognize that there is no heat transfer to the bottom insulated surface of the 
solar panel. Hence, the solder layer and aluminum nitride substrate do not affect the solu- 
tion, and all of the solar energy absorbed by the panel must ultimately leave the panel in the 
form of radiation and convection heat transfer from the top surface of the glass, and electric 
power to the grid, P = 70.83 GLw. Performing an energy balance on the node associated 
with the silicon layer yields 


ie 7 fare 
0.83 GLw — 70.83 GLw = ———__—_— 
Ey L, 
k,Lw k,Lw 
Substituting the expression for the solar-to-electrical conversion efficiency and simplifying 
leads to 
i ¥ ~~ ye 
0.83 GU. — a + bT,) = ——_— (1) 
L, , 's 
ee peel 
he Re 


Performing a second energy balance on the node associated with the top surface of the 
glass gives 


0.83 GLw(1 — n) + 0.1 GLw = ALW(T top — Tx) + €OLW(Tetop — Tene) 


Substituting the expression for the solar-to-electrical conversion efficiency into the preced- 
ing equation and simplifying provides 


0.83 G1 — a+ bT,) + 0.1G=HT. 


8,top 


a i ar BOT es: = set (2) 
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Finally, substituting known values into Equations 1 and 2 and solving simultaneously yields 
T,, = 307 K = 34°C, providing a solar-to-electrical conversion efficiency of 7 = 0.553 — 
0.001 K~! X 307 K = 0.247. Hence, the power produced by the photovoltaic panel is 


P = 70.83 GLw = 0.247 X 0.83 X 700 W/m? X 1m X 0.1 m = 14.3 W <J 


Comments: 


1. The correct application of the conservation of energy requirement is crucial to deter- 
mining the silicon temperature and the electric power. Note that solar energy is con- 
verted to both thermal and electrical energy, and the thermal circuit is used to quantify 
only the thermal energy transfer. 


2. Because of the thermally insulated boundary condition, it is not necessary to include 
the solder or substrate layers in the analysis. This is because there is no conduction 
through these materials and, from Fourier’s law, there can be no temperature gradients 
within these materials. At steady state, 7,4, = T,, = Ty. 


3. As the convection coefficient increases, the temperature of the silicon decreases. This 
leads to a higher solar-to-electrical conversion efficiency and increased electric power 
output. Similarly, higher silicon temperatures and less power production are associated 
with smaller convection coefficients. For example, P = 13.6W and 14.6 W for 
h = 15 W/m?*:K and 55 W/m*:K, respectively. 


4. The cost of a photovoltaic system can be reduced significantly by concentrating the 
solar energy onto the relatively expensive photovoltaic panel using inexpensive focus- 
ing mirrors or lenses. However, good thermal management then becomes even more 
important. For example, if the irradiation supplied to the panel were increased to 
G = 7,000 W/m’ through concentration, the conversion efficiency drops to 7 = 0.160 
as the silicon temperature increases to 7, = 119°C, even for h = 55 W/m’:K. A key to 
reducing the cost of photovoltaic power generation is developing innovative cooling 
technologies for use in concentrating photovoltaic systems. 


5. The simultaneous solution of Equations | and 2 may be achieved by using /HT, 
another commercial code, or a handheld calculator. A trial-and-error solution could 
also be obtained, but with considerable effort. Equations | and 2 could be combined to 
write a single transcendental expression for the silicon temperature, but the equation 
must still be solved numerically or by trial-and-error. 


EXAMPLE 3.4 

Pf 

The thermal conductivity of a D = 14-nm-diameter carbon nanotube is measured with an 
instrument that is fabricated of a wafer of silicon nitride at a temperature of T,, = 300 K. The 
20-um-long nanotube rests on two 0.5-m-thick, 10 wm X 10 jm square islands that are 
separated by a distance s = 5 ym. A thin layer of platinum is used as an electrical resistor on 
the heated island (at temperature T,,) to dissipate g = 11.3 wW of electrical power. On the 
sensing island, a similar layer of platinum is used to determine its temperature, 7,. The plat- 
inum’s electrical resistance, R(T,) = E/I, is found by measuring the voltage drop and elec- 
trical current across the platinum layer. The temperature of the sensing island, T,, is then 
determined from the relationship of the platinum electrical resistance to its temperature. 
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Each island is suspended by two L,, = 250-um-long silicon nitride beams that are w,, = 3 wm 
wide and 7, = 0.5 um thick. A platinum line of width w,, = 1 jum and thickness 4, = 0.2 wm 
is deposited within each silicon nitride beam to power the heated island or to detect the 
voltage drop associated with the determination of 7,. The entire experiment is performed in 
a vacuum with 7,,, = 300K and at steady state, 7, = 308.4 K. Estimate the thermal con- 
ductivity of the carbon nanotube. 


SOLUTION 
EEE 


Known: Dimensions, heat dissipated at the heated island, and temperatures of the sensing 
island and surrounding silicon nitride wafer. 


Find: The thermal conductivity of the carbon nanotube. 


Schematic: 


L Toy, = 300 K 


Carbon nanotube 
D=14nm 


Sensing 
island 


Heated 
island 


Silicon nitride block 
Te = 300K 


Assumptions: 
1. Steady-state conditions. 
2. One-dimensional heat transfer. 
3. The heated and sensing islands are isothermal. 
4. Radiation exchange between the surfaces and the surroundings is negligible. 


5. Negligible convection losses. 
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6. Ohmic heating in the platinum signal lines is negligible. 


7. Constant properties. 
8. Negligible contact resistance between the nanotube and the islands. 


Properties: Table A.1, platinum (325 K, assumed): k,, = 71.6 W/m: K. Table A.2, silicon 
nitride (325 K, assumed): k,, = 15.5 W/m: K. 


Analysis: Energy that is dissipated at the heated island is transferred to the silicon nitride 
block through the support beams of the heated island, the carbon nanotube, and subse- 
quently through the support beams of the sensing island. Therefore, the thermal circuit may 
be constructed as follows 


Koy /2 Ko,/2 


T.. 

Rysup Risup 
cig r 
R, R 


Ts 
{4 yl 14! 2 


where each supporting beam provides a thermal resistance R,.,,, that is composed of a resis- 
tance due to the silicon nitride (sn) in parallel with a resistance due to the platinum (pt) line. 
The cross-sectional areas of the materials in the support beams are 


Apt = Wpift = (1 X 106m) x (0.2 X 10°-°m) = 2 X 10°? m” 


Aon = Wsatsn ~ Apt = (3 X 106m) X (0.5 X 10°? m) — 2 X 10°? m? = 1.3 X 107 m? 


while the cross-sectional area of the carbon nanotube is 
Aen = 7D7/4 = m(14 X 107? m)7/4 = 1.54 X 107!° m? 
The thermal resistance of each support is 


KyAot KenAsn = 
R, sup a + 
, ib L 


pt sn 


7 78 Wim-K X2X 1073 m? , 15,5 W/m-K X13 X 107” at 


250 X 10 &m 250 X 10 °m 
= 7.25 X 10° K/W 
The combined heat loss through both sensing island supports is 


ds = UT, — TMRisup = 2 X (308.4 K — 300 K)/(7.25 X 10°K/W) 
= 2.32 x 10°°W = 2.32 wW 
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It follows that 
n= 9-9, = 11.3 pW — 2.32 WW = 8.98 WW 
and 7, attains a value of 


—6 6 
9g ey BOBO WH 72S XII gan oe 


t,sup 2 


1 
T, = T.. += q,R 
h at 


For the portion of the thermal circuit connecting T,, and T,, 


, hy Ns 
45'S Ken Acn) 
from which 
k= qs8 _ 2.32 X10 °W X5 X10 °m 
"A(T, —T,) 1.54 X 107! m2 x (332.6 K — 308.4 K) 
kon = 3113 W/m:K <J 
Comments: 


1. The measured thermal conductivity is extremely large, as evident by comparing its 
value to the thermal conductivities of pure metals shown in Figure 2.4. Carbon nano- 
tubes might be used to dope otherwise low thermal conductivity materials to improve 
heat transfer. 


2. Contact resistances between the carbon nanotube and the heated and sensing islands 
were neglected because little is known about such resistances at the nanoscale. How- 
ever, if a contact resistance were included in the analysis, the measured thermal con- 
ductivity of the carbon nanotube would be even higher than the predicted value. 


3. The significance of radiation heat transfer may be estimated by approximating the 
heated island as a blackbody radiating to 7,,, from both its top and bottom surfaces. 
Hence, jaa yp ~ 5.67 X 1078 Wim?+K* X 2 X (10 X 107° m)” x (332.64 — 300*)K* = 
4.7 X 10° W = 0.047 W, and radiation is negligible. 


3-2 An Alternative Conduction Analysis 


The conduction analysis of Section 3.1 was performed using the standard approach. That is, 
the heat equation was solved to obtain the temperature distribution, Equation 3.3, and Fourier’s 
law was then applied to obtain the heat transfer rate, Equation 3.4. However, an alternative 
approach may be used for the conditions presently of interest. Considering conduction in the 
system of Figure 3.6, we recognize that, for steady-state conditions with no heat generation 
and no heat loss from the sides, the heat transfer rate g, must be a constant independent of x. 
That is, for any differential element dx, ¢, = q,+,,. This condition is, of course, a consequence 
of the energy conservation requirement, and it must apply even if the area varies with position 
A(x) and the thermal conductivity varies with temperature k(T). Moreover, even though 
the temperature distribution may be two-dimensional, varying with x and y, it is often reason- 
able to neglect the y-variation and to assume a one-dimensional distribution in x. 

For the above conditions it is possible to work exclusively with Fourier’s law when 
performing a conduction analysis. In particular, since the conduction rate is a constant, the 
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Insulation 


Adiabatic —. : 
surface ..”) 


Tp, Ax) 9 Iesde 


dx FIGURE 3.6 System with a constant 
conduction heat transfer rate. 


rate equation may be integrated, even though neither the rate nor the temperature distribution 
is known. Consider Fourier’s law, Equation 2.1, which may be applied to the system of 
Figure 3.6. Although we may have no knowledge of the value of q, or the form of T(x), we 
do know that g, is a constant. Hence we may express Fourier’s law in the integral form 


"dx 


4 J AQ) 


T 

k(T) dT (3.26) 
Ty 
The cross-sectional area may be a known function of x, and the material thermal conductivity 
may vary with temperature in a known manner. If the integration is performed from a point xy 
at which the temperature 7) is known, the resulting equation provides the functional form of 
T(x). Moreover, if the temperature T = T, at some x = x, is also known, integration between 
Xo and x, provides an expression from which q, may be computed. Note that, if the area A is 
uniform and k is independent of temperature, Equation 3.26 reduces to 


qx Ax 


= —kAT (3.27) 


where Ax = x, — x) and AT = T, — Tp. 

We frequently elect to solve diffusion problems by working with integrated forms of 
the diffusion rate equations. However, the limiting conditions for which this may be done 
should be firmly fixed in our minds: steady-state and one-dimensional transfer with no heat 
generation. 


EXAMPLE 3.5 


The diagram shows a conical section fabricated from pyroceram. It is of circular cross 
section with the diameter D = ax, where a = 0.25. The small end is at x, = 50 mm and the 
large end at x, = 250mm. The end temperatures are 7; = 400 K and 7, = 600K, while 
the lateral surface is well insulated. 


T, 
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1. Derive an expression for the temperature distribution T(x) in symbolic form, assuming 
one-dimensional conditions. Sketch the temperature distribution. 


2. Calculate the heat rate g, through the cone. 


SOLUTION 


Known: Conduction in a circular conical section having a diameter D = ax, where 
a= 0.25. 


Find: 
1. Temperature distribution 7(x). 
2. Heat transfer rate q,. 


Schematic: 


X»=0.25m 
Pyroceram x 


Assumptions: 
1. Steady-state conditions. 
2. One-dimensional conduction in the x-direction. 
3. No internal heat generation. 


4. Constant properties. 
Properties: Table A.2, pyroceram (500 K): k = 3.46 W/m: K. 


Analysis: 
1. Since heat conduction occurs under steady-state, one-dimensional conditions with no 


internal heat generation, the heat transfer rate g, is a constant independent of x. Accord- 
ingly, Fourier’s law, Equation 2.1, may be used to determine the temperature distribution 


dT 


= —kA 
de rs 


where A = 1rD?/4 = mra*x’/4. Separating variables, 


Aq,dx _ 
5g ha 


TAX 


Integrating from x, to any x within the cone, and recalling that g, and k are constants, it 
follows that 
4 ; x T 
de | a 4! ar 
TA 4 x, X T, 


3.2 
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Hence 


or solving for T 


=e ae TT 41 
Tn)=T, =F (1 1) 


Although q, is a constant, it is as yet an unknown. However, it may be determined by 
evaluating the above expression at x = x», where T(x,) = T>. Hence 


= 49, {1.1 
T,=T, 4a. (3 Xy 


and solving for q, 


ma’k(T, — Tp) 
4[(1/x,) — A/x)] 


4x. — 


Substituting for ¢, into the expression for T(x), the temperature distribution becomes 


<J 


(1/x) — oa) 


THT rN — 15) Fe mre 


From this result, temperature may be calculated as a function of x and the distribution 
is as shown. 


T, 
Ss 
T; 
Xp xy 
x 
Note that, since dT/dx = —4q,/kma’x° from Fourier’s law, it follows that the tempera- 


ture gradient and heat flux decrease with increasing x. 


. Substituting numerical values into the foregoing result for the heat transfer rate, it 


follows that 


_ (0.25)? X 3.46 W/m + K (400 — 600) K _ 
4x 4 (1/0.05 m — 1/0.25m) 


2.12 W <J 


Comments: When the parameter a increases, the cross-sectional area changes more 
rapidly with distance, causing the one-dimensional assumption to become less appropriate. 
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3.2 Radial Systems 


Cylindrical and spherical systems often experience temperature gradients in the radial direc- 
tion only and may therefore be treated as one-dimensional. Moreover, under steady-state 
conditions with no heat generation, such systems may be analyzed by using the standard 
method, which begins with the appropriate form of the heat equation, or the alternative 
method, which begins with the appropriate form of Fourier’s law. In this section, the cylin- 
drical system is analyzed by means of the standard method and the spherical system by 
means of the alternative method. 


3.3.1 The Cylinder 


A common example is the hollow cylinder whose inner and outer surfaces are exposed to 
fluids at different temperatures (Figure 3.7). For steady-state conditions with no heat gener- 
ation, the appropriate form of the heat equation, Equation 2.26, is 


= (» at) =0 (3.28) 


where, for the moment, k is treated as a variable. The physical significance of this result 
becomes evident if we also consider the appropriate form of Fourier’s law. The rate at which 
energy is conducted across any cylindrical surface in the solid may be expressed as 


aT 
= —KA“ = —k2arL) & B29 
GAS hn 3.29) 
where A = 27rL is the area normal to the direction of heat transfer. Since Equation 3.28 
dictates that the quantity kr(dT/dr) is independent of r, it follows from Equation 3.29 
that the conduction heat transfer rate q, (not the heat flux q/’) is a constant in the radial 
direction. 


Cold fluid J 


T,2 1 In(ro/ry) 1 


henn 2nkL Iy2 nro 


Figure 3.7 Hollow cylinder with convective surface conditions. 
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We may determine the temperature distribution in the cylinder by solving Equation 
3.28 and applying appropriate boundary conditions. Assuming the value of k to be constant, 
Equation 3.28 may be integrated twice to obtain the general solution 


Tr) =C,Inr+cC, (3.30) 


To obtain the constants of integration C,; and C;, we introduce the following boundary 
conditions: 


Tn) =T,, and Tr) = Tp 
Applying these conditions to the general solution, we then obtain 
T,,;=CiInr,;+C, and T,,=C,Inr,+ C, 


Solving for C, and C, and substituting into the general solution, we then obtain 


(Ee 
RG) = ee in(£) + De (3.31) 


In(r,/r5) D 


Note that the temperature distribution associated with radial conduction through a cylindri- 
cal wall is logarithmic, not linear, as it is for the plane wall under the same conditions. The 
logarithmic distribution is sketched in the inset of Figure 3.7. 

If the temperature distribution, Equation 3.31, is now used with Fourier’s law, Equation 
3.29, we obtain the following expression for the heat transfer rate: 


= 2aLK(T, = To) 


= 3.32 
g In(r/r) cae) 
From this result it is evident that, for radial conduction in a cylindrical wall, the thermal 
resistance is of the form 


= In(7/r,) 


R = 
t,cond Dar. ii, k 


(Go3333) 


This resistance is shown in the series circuit of Figure 3.7. Note that since the value of q,. is 
independent of r, the foregoing result could have been obtained by using the alternative 
method, that is, by integrating Equation 3.29. 

Consider now the composite system of Figure 3.8. Recalling how we treated the com- 
posite plane wall and neglecting the interfacial contact resistances, the heat transfer rate 
may be expressed as 


= ote 3.34 
qr i _In@,/r;) , In(@r3/r2)_, In (74/73) 1 Gee) 


2ar,Lh, = 27k, 27kph Q27keb 2arLhy, 


The foregoing result may also be expressed in terms of an overall heat transfer coefficient. 
That is, 


To = Tes 


is “= UA(Tw1 — Ta) (3.35) 
tot 
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1 In(r2/ry) In(ra/ro) — In(ry/r3) 1 


hy2ar,b 2m kyl 2 kal 2n kb hyg2argl 


FicurRE 3.8 Temperature distribution for a composite cylindrical wall. 


If U is defined in terms of the inside area, A, = 277r,L, Equations 3.34 and 3.35 may be 
equated to yield 


(3.36) 


Le ih Beg et 
h, ky " kp 1 ke "3 Tahy 


This definition is arbitrary, and the overall coefficient may also be defined in terms of A, or 
any of the intermediate areas. Note that 


UAH UAH UAH UA SCR (3.37) 


and the specific forms of U,, U3, and U, may be inferred from Equations 3.34 and 3.35. 


EXAMPLE 3.6 


The possible existence of an optimum insulation thickness for radial systems is suggested 
by the presence of competing effects associated with an increase in this thickness. In partic- 
ular, although the conduction resistance increases with the addition of insulation, the con- 
vection resistance decreases due to increasing outer surface area. Hence there may exist an 
insulation thickness that minimizes heat loss by maximizing the total resistance to heat 
transfer. Resolve this issue by considering the following system. 
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1. A thin-walled copper tube of radius r; is used to transport a low-temperature refrigerant 
and is at a temperature 7; that is less than that of the ambient air at T,, around the tube. 
Is there an optimum thickness associated with application of insulation to the tube? 

2. Confirm the above result by computing the total thermal resistance per unit length of 
tube for a 10-mm-diameter tube having the following insulation thicknesses: 0, 2, 5, 
10, 20, and 40 mm. The insulation is composed of cellular glass, and the outer surface 
convection coefficient is 5 W/m?:K. 


SOLUTION 
[i EET | 


Known: Radius r; and temperature 7, of a thin-walled copper tube to be insulated from 
the ambient air. 


Find: 


1. Whether there exists an optimum insulation thickness that minimizes the heat transfer 
rate. 


2. Thermal resistance associated with using cellular glass insulation of varying thickness. 


Schematic: 
Ye 
h = 5 Wim*K 
1 
Insulation, k 
Assumptions: 


1. Steady-state conditions. 
One-dimensional heat transfer in the radial (cylindrical) direction. 


2. 
3. Negligible tube wall thermal resistance. 
4. Constant properties for insulation. 

5. 


Negligible radiation exchange between insulation outer surface and surroundings. 
Properties: Table A.3, cellular glass (285 K, assumed): k = 0.055 W/m: K. 


Analysis: 


1. The resistance to heat transfer between the refrigerant and the air is dominated by con- 
duction in the insulation and convection in the air. The thermal circuit is therefore 


T; t 
¢<— —& Www 
In(r/r;) 1 
2k 2mrh 


where the conduction and convection resistances per unit length follow from Equations 
3.33 and 3.9, respectively. The total thermal resistance per unit length of tube is then 


_In¢@ir) 1 
Qk | 2arh 


! 
R tot 
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where the rate of heat transfer per unit length of tube is 


T x — T; 
Reo 


- 


q = 


An optimum insulation thickness would be associated with the value of r that minimized 


i 


q' or maximized Rj,,. Such a value could be obtained from the requirement that 


ARiot 
dr 
Hence 
a | = 
2akr 2nrh 
or 
wok 
h 


To determine whether the foregoing result maximizes or minimizes the total resis- 
tance, the second derivative must be evaluated. Hence 


QR gd 
dr’ Qakr? so oreh 


or, at r = k/h, 


APR _ 1 ( L) = — 
dr? m(kiny2\k 2k) Ark 


Since this result is always positive, it follows that r = k/h is the insulation radius for 
which the total resistance is a minimum, not a maximum. Hence an optimum insulation 
thickness does not exist. 
From the above result it makes more sense to think in terms of a critical insulation 
radius 
ae 
cr h 
which maximizes heat transfer, that is, below which q’ increases with increasing r and 
above which q’ decreases with increasing r. 


2. With h = 5 W/m?:K and k = 0.055 W/mK, the critical radius is 


_ 0.055 W/m: K _ 
5 W/m?-K 


0.011 m 


cr 


Hence r,, > 7; and heat transfer will increase with the addition of insulation up to a 
thickness of 


leo — 1; = (0.011 — 0.005) m = 0.006 m 
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The thermal resistances corresponding to the prescribed insulation thicknesses may be 
calculated and are plotted as follows: 


8 


Ri (mK) 


) 6 10 20 30 40 50 
r—r, (mm) 


Comments: 


1. The effect of the critical radius is revealed by the fact that, even for 20 mm of insula- 
tion, the total resistance is not as large as the value for no insulation. 


2. If r;< r,,, as it is in this case, the total resistance decreases and the heat rate therefore 
increases with the addition of insulation. This trend continues until the outer radius of 
the insulation corresponds to the critical radius. The trend is desirable for electrical 
current flow through a wire, since the addition of electrical insulation would aid in 
transferring heat dissipated in the wire to the surroundings. Conversely, if r; > r,,, any 
addition of insulation would increase the total resistance and therefore decrease the 
heat loss. This behavior would be desirable for steam flow through a pipe, where insu- 


lation is added to reduce heat loss to the surroundings. 


3. For radial systems, the problem of reducing the total resistance through the application of 
insulation exists only for small diameter wires or tubes and for small convection coeffi- 
cients, such that r,, > 7; For a typical insulation (k ~ 0.03 W/m: K) and free convection 
in air (h ~ 10 W/m?:R), r,, = (k/A) ~ 0.003 m. Such a small value tells us that, normally, 
r, > r,, and we need not be concerned with the effects of a critical radius. 


4. The existence of a critical radius requires that the heat transfer area change in the direction 
of transfer, as for radial conduction in a cylinder (or a sphere). In a plane wall the area per- 
pendicular to the direction of heat flow is constant and there is no critical insulation thick- 
ness (the total resistance always increases with increasing insulation thickness). 


3.3.2 The Sphere 


Now consider applying the alternative method to analyzing conduction in the hollow sphere 
of Figure 3.9. For the differential control volume of the figure, energy conservation requires 
that ¢, = q,+4, for steady-state, one-dimensional conditions with no heat generation. The 
appropriate form of Fourier’ s law is 


aT 


AT = _ y¢qqpy2 AE (3.38) 
dr 


dr 7 
where A = 47rr” is the area normal to the direction of heat transfer. 


q, = —kA 
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Ts. BF FicurRE 3.9 Conduction in a spherical shell. 


Acknowledging that q,.is a constant, independent of r, Equation 3.38 may be expressed 
in the integral form 


qd; 
Ar 


” dr = Ty 
—=-| kT)dT (3.39) 
r r Ty 
Assuming constant k, we then obtain 


z. Aes Sea te) 
(1/r,) — A/rp) 


qr (3.40) 


Remembering that the thermal resistance is defined as the temperature difference divided 
by the heat transfer rate, we obtain 


ee | leer 
LS oan ae ae ie = i (3.41) 


Note that the temperature distribution and Equations 3.40 and 3.41 could have been obtained 
by using the standard approach, which begins with the appropriate form of the heat equation. 

Spherical composites may be treated in much the same way as composite walls and 
cylinders, where appropriate forms of the total resistance and overall heat transfer coeffi- 
cient may be determined. 


3-4 Summary of One-Dimensional Conduction Results 


Many important problems are characterized by one-dimensional, steady-state conduction in 
plane, cylindrical, or spherical walls without thermal energy generation. Key results for these 
three geometries are summarized in Table 3.3, where AT refers to the temperature difference, 
T,,, — T,2, between the inner and outer surfaces identified in Figures 3.1, 3.7, and 3.9. In each 
case, beginning with the heat equation, you should be able to derive the corresponding 
expressions for the temperature distribution, heat flux, heat rate, and thermal resistance. 


3-0 Conduction with Thermal Energy Generation 


In the preceding section we considered conduction problems for which the temperature distri- 
bution in a medium was determined solely by conditions at the boundaries of the medium. We 
now want to consider the additional effect on the temperature distribution of processes that 
may be occurring within the medium. In particular, we wish to consider situations for which 
thermal energy is being generated due to conversion from some other energy form. 
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TABLE 3.3. One-dimensional, steady-state solutions to the heat 
equation with no generation 


Plane Wall Cylindrical Wall‘ Spherical Wall* 
. aT _ 1d(,at)_ td .dT\_ 
Heat equation ie 0 r dp (- it| 0 a (- it) 0 
In (r/r3) 1 — (r/r) 
Temperature La Rae F244 AT T,, — AT 
distribution Ts a ae In (7)/ry) ~ 1 (r/rz) 
Heat flux (q’) k AT _ KAT a 
L rin (r,/r;) r°-[(/r,) — C/r2)] 
AT 2aLk AT 4ark AT 
ace a in (7/7) ir) — In) 
Thermal L pu) eS ie) 
resistance (R, cona) kA 2aLk 4 ak 


“The critical radius of insulation is r,, = k/h for the cylinder and r,. = 2k/h for the sphere. 


A common thermal energy generation process involves the conversion from electrical 
to thermal energy in a current-carrying medium (Ohmic, or resistance, or Joule heating). 
The rate at which energy is generated by passing a current J through a medium of electrical 
resistance R, is 


E.= PR, (3.42) 


If this power generation (W) occurs uniformly throughout the medium of volume V, the 
volumetric generation rate (W/m*) is then 


ya Me JER, 
IV OV 


(3.43) 


Energy generation may also occur as a result of the deceleration and absorption of neutrons in 
the fuel element of a nuclear reactor or exothermic chemical reactions occurring within a 
medium. Endothermic reactions would, of course, have the inverse effect (a thermal energy 
sink) of converting thermal energy to chemical bonding energy. Finally, a conversion from 
electromagnetic to thermal energy may occur due to the absorption of radiation within the 
medium. The process occurs, for example, when gamma rays are absorbed in external nuclear 
reactor components (cladding, thermal shields, pressure vessels, etc.) or when visible radia- 
tion is absorbed in a semitransparent medium. Remember not to confuse energy generation 
with energy storage (Section 1.3.1). 


dedel The Plane Wall 


Consider the plane wall of Figure 3.10a, in which there is uniform energy generation per 
unit volume (q is constant) and the surfaces are maintained at T,, and T,,. For constant 
thermal conductivity k, the appropriate form of the heat equation, Equation 2.22, is 


a 
ce; 


aE (3.44) 
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The general solution is 


q 
T= ay ¥4+Cx+C, (3.45) 


where C, and C, are the constants of integration. For the prescribed boundary 
conditions, 


T(-L)=T,, and T(L)=T.» 


The constants may be evaluated and are of the form 


es Tyo ~~ Ta ae q r+ yee te 
a a a 2 
in which case the temperature distribution is 
qv x2 Tyo ~~ Ty x Ty + To 
T(x) = 1 3.46 
OOK ( z) 2 L 2 ao) 


The heat flux at any point in the wall may, of course, be determined by using Equation 3.46 
with Fourier’s law. Note, however, that with generation the heat flux is no longer indepen- 
dent of x. 

The preceding result simplifies when both surfaces are maintained at a common 
temperature, T,, = T,, = T,. The temperature distribution is then symmetrical about the 
midplane, Figure 3.10, and is given by 


qL’ x 
Tix) = (1-2) +7. 3.47 
(x) z( “) : (3.47) 
-—x 
+L -L H +L 
+ il 
mo i 
II 
1 Tx) Ni, 
ie NIT, ” 
T. 2 1 Goan > conv 
ttt ie TTT 
| i f T.,,h | it TA 
T.. oho 
(a) (b) 
CU 
ch fai 
Toot il 
“J TaN 
24h iT, 
aM — conv 
; inn 
Wa Tat 
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Ficure 3.10 Conduction in a plane wall with uniform heat generation. 
(a) Asymmetrical boundary conditions. (6) Symmetrical boundary conditions. 
(c) Adiabatic surface at midplane. 


3.5 = Conduction with Thermal Energy Generation 145 


The maximum temperature exists at the midplane 


qL 
TO) = T) = — + T, 3.48 
( ) 0 Ik Ss ( ) 
in which case the temperature distribution, Equation 3.47, may be expressed as 
TX) — Tr _ (x) 
Som ES 3.49 
TT, (; ia 


It is important to note that at the plane of symmetry in Figure 3.105, the temperature gradi- 
ent is zero, (dT/dx),~) = 0. Accordingly, there is no heat transfer across this plane, and it 
may be represented by the adiabatic surface shown in Figure 3.10c. One implication of this 
result is that Equation 3.47 also applies to plane walls that are perfectly insulated on one 
side (x = 0) and maintained at a fixed temperature T, on the other side (x = L). 

To use the foregoing results, the surface temperature(s) 7, must be known. However, a 
common situation is one for which it is the temperature of an adjoining fluid, 7.., and not 
T,, which is known. It then becomes necessary to relate T, to T.,. This relation may be 
developed by applying a surface energy balance. Consider the surface at x = L for the sym- 
metrical plane wall (Figure 3.105) or the insulated plane wall (Figure 3.10c). Neglecting 
radiation and substituting the appropriate rate equations, the energy balance given by Equa- 
tion 1.13 reduces to 


dT 
—k 
dx x=L 


= h(T, — T..) (3.50) 
Substituting from Equation 3.47 to obtain the temperature gradient at x = L, it follows that 


(3.51) 


Hence 7, may be computed from knowledge of T.., g, L, and h. 

Equation 3.51 may also be obtained by applying an overall energy balance to the plane 
wall of Figure 3.10b or 3.10c. For example, relative to a control surface about the wall of 
Figure 3.10c, the rate at which energy is generated within the wall must be balanced by the 
rate at which energy leaves via convection at the boundary. Equation 1.12c reduces to 


E, = Box (3.52) 
or, for a unit surface area, 
GL = hI, = Ta) (3.53) 


Solving for T,, Equation 3.51 is obtained. 

Equation 3.51 may be combined with Equation 3.47 to eliminate T, from the tempera- 
ture distribution, which is then expressed in terms of the known quantities g, L, k, h, and T,,. 
The same result may be obtained directly by using Equation 3.50 as a boundary condition to 
evaluate the constants of integration appearing in Equation 3.45. 


EXAMPLE 3.7 


A plane wall is a composite of two materials, A and B. The wall of material A has uniform 
heat generation g = 1.5 X 10° W/m’, ky, = 75 W/m-K, and thickness Ly = 50mm. The 
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wall material B has no generation with kg = 150 W/m: K and thickness Lg = 20 mm. The 
inner surface of material A is well insulated, while the outer surface of material B is cooled 
by a water stream with 7,, = 30°C and h = 1000 W/m?:K. 


1. Sketch the temperature distribution that exists in the composite under steady-state 
conditions. 


2. Determine the temperature 7) of the insulated surface and the temperature 7, of the 
cooled surface. 


SOLUTION 


Known: Plane wall of material A with internal heat generation is insulated on one side 
and bounded by a second wall of material B, which is without heat generation and is sub- 
jected to convection cooling. 


Find: 
1. Sketch of steady-state temperature distribution in the composite. 
2. Inner and outer surface temperatures of the composite. 


Schematic: 
To T, T, 
Ly | 7, =30°C 
h = 1000 W/m*+K 
Insulation —+ tt I t t t 
Be I 
Gu = 1.5 x 108 Wim3—= ' 1 
k, = 75 Wim-K 4 I 1 
a (A) ! } Water 
I 
I) si — kg = 150 WimeK 
Ly = 50 mm el ed 4g = 0 
= 
7 20 mm 
Assumptions: 


1. Steady-state conditions. 

2. One-dimensional conduction in x-direction. 
3. Negligible contact resistance between walls. 
4. Inner surface of A adiabatic. 

5. Constant properties for materials A and B. 


Analysis: 


1. From the prescribed physical conditions, the temperature distribution in the composite 
is known to have the following features, as shown: 


(a) Parabolic in material A. 
(b) Zero slope at insulated boundary. 


(c) Linear in material B. 


(d) Slope change = kp/k, = 2 at interface. 
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The temperature distribution in the water is characterized by 


(e) Large gradients near the surface. 


T(x) 


2. The outer surface temperature 7, may be obtained by performing an energy balance 
on a control volume about material B. Since there is no generation in this material, it 
follows that, for steady-state conditions and a unit surface area, the heat flux into the 
material at x = L, must equal the heat flux from the material due to convection at 
x = Ly + Lg. Hence 


q’ = h(T, — Tx) () 


The heat flux g” may be determined by performing a second energy balance on a control 
volume about material A. In particular, since the surface at x = 0 is adiabatic, there is no 
inflow and the rate at which energy is generated must equal the outflow. Accordingly, 
for a unit surface area, 


qiyy=q' (2) 


Combining Equations | and 2, the outer surface temperature is 


qua 
T, = T.. + — 
‘ h 
6 3 
1000 W/m* - K 
From Equation 3.48 the temperature at the insulated surface is 
qlin 
Ty = pow & 
ara 3) 


where T,; may be obtained from the following thermal circuit: 


T, 7, T. 


Reona, B Reony 

That is, 
_ Wa a n”" 
T, _ Lies oe (Reon B a Reonv) q 


where the resistances for a unit surface area are 
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Hence, 


0.02 m 1 
150 W/m:K — 1000 W/m?-K 


X 1.5 X 10°W/m? X 0.05 m 
7, =30C +85°C = 115°C 


T, = 30°C ( 


Substituting into Equation 3, 


_ 1.5 X 10°W/m3(0.05 m)? 
2X75 W/m: K 
T,=25°C + 115°C= 140°C <J 


+ 115°C 


a 


Comments: 
1. Material A, having heat generation, cannot be represented by a thermal circuit element. 


2. Since the resistance to heat transfer by convection is significantly larger than that due to 
conduction in material B, R%,/Reona = 7.5, the surface-to-fluid temperature difference is 


much larger than the temperature drop across material B, (T, — T.,)/(T, — Ty) = 7.5. This 
result is consistent with the temperature distribution plotted in part 1. 


3. The surface and interface temperatures (7), T,, and T,) depend on the generation rate 
q, the thermal conductivities k, and kg, and the convection coefficient 4. Each material 
will have a maximum allowable operating temperature, which must not be exceeded if 
thermal failure of the system is to be avoided. We explore the effect of one of these para- 
meters by computing and plotting temperature distributions for values of h = 200 and 
1000 W/m?: K, which would be representative of air and liquid cooling, respectively. 


400 
10 20 30 40 50 60 70 
x (mm) 
50 
40 7) 
h = 1000 W/m*:K 
30 
o 
a 
20 
10 
00 
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For h = 200 W/m’:K, there is a significant increase in temperature throughout the sys- 
tem and, depending on the selection of materials, thermal failure could be a problem. 
Note the slight discontinuity in the temperature gradient, d7/dx, at x = 50 mm. What is 
the physical basis for this discontinuity? We have assumed negligible contact resistance 
at this location. What would be the effect of such a resistance on the temperature distri- 
bution throughout the system? Sketch a representative distribution. What would be the 
effect on the temperature distribution of an increase in q, ky, or kg? Qualitatively sketch 
the effect of such changes on the temperature distribution. 


4. This example is solved in the Advanced section of [HT. 


3.5.2 Radial Systems 


Heat generation may occur in a variety of radial geometries. Consider the long, solid cylin- 
der of Figure 3.11, which could represent a current-carrying wire or a fuel element in a 
nuclear reactor. For steady-state conditions, the rate at which heat is generated within the 
cylinder must equal the rate at which heat is convected from the surface of the cylinder to a 
moving fluid. This condition allows the surface temperature to be maintained at a fixed 
value of T,. 

To determine the temperature distribution in the cylinder, we begin with the appropri- 
ate form of the heat equation. For constant thermal conductivity k, Equation 2.26 reduces to 


1df{_daT\ ,9_ 
1d (,d0) «4 0 (3.54) 


Separating variables and assuming uniform generation, this expression may be integrated 
to obtain 


OT ya 


pe oe (3.55) 


Repeating the procedure, the general solution for the temperature distribution becomes 


To) =-2P+Cinr+ (3.56) 


Cold fluid 
T., h 


Ficure 3.11 Conduction in a solid cylinder with uniform 
heat generation. 
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To obtain the constants of integration C, and C, we apply the boundary conditions 
— =0 and T(r) =T, 


The first condition results from the symmetry of the situation. That is, for the solid cylinder the 
centerline is a line of symmetry for the temperature distribution and the temperature gradient 
must be zero. Recall that similar conditions existed at the midplane of a wall having sym- 
metrical boundary conditions (Figure 3.10b). From the symmetry condition at r = 0 and 
Equation 3.55, it is evident that C, = 0. Using the surface boundary condition at r= r, 
with Equation 3.56, we then obtain 


pe dp 
,=T,+— 
Se eras (3.57) 


The temperature distribution is therefore 


ny =#2(1 2) 47 (3.58) 
= 2 . . 
Evaluating Equation 3.58 at the centerline and dividing the result into Equation 3.58, we 
obtain the temperature distribution in nondimensional form, 


T)-T,_,_(r} 
T,-T, (;) a 


oO 
where 7, is the centerline temperature. The heat rate at any radius in the cylinder may, of 
course, be evaluated by using Equation 3.58 with Fourier’s law. 
To relate the surface temperature, 7,, to the temperature of the cold fluid T.,, either a 
surface energy balance or an overall energy balance may be used. Choosing the second 
approach, we obtain 


(arb) = h(2Qar,L)(T, — Toe) 


or 
qo 


1.= Tet 
: 2h 


(3.60) 


3.de0 =Tabulated Solutions 


Appendix C provides a convenient and systematic procedure for treating the different combi- 
nations of surface conditions that may be applied to one-dimensional planar and radial (cylin- 
drical and spherical) geometries with uniform thermal energy generation. From the tabulated 
results of this appendix, it is a simple matter to obtain distributions of the temperature, heat 
flux, and heat rate for boundary conditions of the second kind (a uniform surface heat flux) 
and the third kind (a surface heat flux that is proportional to a convection coefficient / or the 
overall heat transfer coefficient U). You are encouraged to become familiar with the con- 
tents of the appendix. 


3.94 Application of Resistance Concepts 


We conclude our discussion of heat generation effects with a word of caution. In particular, 
when such effects are present, the heat transfer rate is not a constant, independent of the 


3.5 
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spatial coordinate. Accordingly, it would be incorrect to use the conduction resistance con- 
cepts and the related heat rate equations developed in Sections 3.1 and 3.3. 


iH | EXAMPLE 3.8 


Consider a long solid tube, insulated at the outer radius r, and cooled at the inner radius r,, 
with uniform heat generation g (W/m*) within the solid. 


1. Obtain the general solution for the temperature distribution in the tube. 

2. In a practical application a limit would be placed on the maximum temperature that is 
permissible at the insulated surface (r = r;). Specifying this limit as 7,5, identify 
appropriate boundary conditions that could be used to determine the arbitrary con- 
stants appearing in the general solution. Determine these constants and the correspond- 
ing form of the temperature distribution. 

3. Determine the heat removal rate per unit length of tube. 

4. If the coolant is available at a temperature T,,, obtain an expression for the convection 
coefficient that would have to be maintained at the inner surface to allow for operation 
at prescribed values of T,, and q. 

SOLUTION 
EEE 


1. 


Known: Solid tube with uniform heat generation is insulated at the outer surface and 
cooled at the inner surface. 


Find: 


General solution for the temperature distribution 7(7). 


Appropriate boundary conditions and the corresponding form of the temperature 
distribution. 


Heat removal rate for specified maximum temperature. 


Corresponding required convection coefficient at the inner surface. 


Schematic: 


- Z 7 ia . 

y Va 
Coolant a 

Tay h ie E Insulation 
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Assumptions: 

1. Steady-state conditions. 
. One-dimensional radial conduction. 
. Constant properties. 


. Uniform volumetric heat generation. 


nan bk WwW NY 


. Outer surface adiabatic. 


Analysis: 


1. To determine 7(r), the appropriate form of the heat equation, Equation 2.26, must be 
solved. For the prescribed conditions, this expression reduces to Equation 3.54, and 
the general solution is given by Equation 3.56. Hence, this solution applies in a cylin- 


drical shell, as well as in a solid cylinder (Figure 3.11). 


2. Two boundary conditions are needed to evaluate C; and C;, and in this problem it is 
appropriate to specify both conditions at r,. Invoking the prescribed temperature limit, 


T(r) = T,> 


and applying Fourier’s law, Equation 3.29, at the adiabatic outer surface 


aT| _ 
dr |,, 


Using Equations 3.56 and 1, it follows that 


q 


T,.=—-—#+Clnn+G 


82 Ak 


Similarly, from Equations 3.55 and 2 


q 
0 = DE K + C; 
Hence, from Equation 4, 
q 
Cc: = Ik te 
and from Equation 3 
q q 
C,=T,. + Ak re ak Fe nr 


() 


(3) 


(4) 


(5) 


(6) 


Substituting Equations 5 and 6 into the general solution, Equation 3.56, it follows that 


q 


T(r) = Ty 4 rae = 


(7) 
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3. The heat removal rate may be determined by obtaining the conduction rate at r,; or by 
evaluating the total generation rate for the tube. From Fourier’s law 


' dT 
SS Pig Et. 
= ar 


Hence, substituting from Equation 7 and evaluating the result at r,, 


. . 2: 
g gr 
aK OKT 


qr) = kann )- mq(r3 — Ti) (8) 


Alternatively, because the tube is insulated at 7, the rate at which heat is generated in 
the tube must equal the rate of removal at r,. That is, for a control volume about the 
tube, the energy conservation requirement, Equation 1.12c, reduces to E, — Ey = 0, 
where E, = qa(r3 — r{)L and Ey = Yoong = —G/(7,)L. Hence 


g(r) = —14(r3 — 17) (9) 


4. Applying the energy conservation requirement, Equation 1.13, to the inner surface, it 
follows that 


’ | 
cond ~ Fconv 


or 
mq rs ~ rm = h2ar(T,, > T:,) 
Hence 
437i) Ais 
2r(Ty4 — Tx) 


where 7, , may be obtained by evaluating Equation 7 at r = ry. 


Comments: 


1. Note that, through application of Fourier’s law in part 3, the sign on q/(r,) was found to 
be negative, Equation 8, implying that heat flow is in the negative r-direction. However, 
in applying the energy balance, we acknowledged that heat flow was out of the wall. 
Hence we expressed gong aS —G/(7,) and we expressed g/,,, in terms of (T,,, — T...), rather 
than (7. — T,)). 

2. Results of the foregoing analysis may be used to determine the convection coefficient 
required to maintain the maximum tube temperature T,, below a prescribed value. 
Consider a tube of thermal conductivity k = 5 W/m: K and inner and outer radii of 
r, = 20mm and r, = 25 mm, respectively, with a maximum allowable temperature of 
T,» = 350°C. The tube experiences heat generation at a rate of g=5 X 10° W/m’, 
and the coolant is at a temperature of T,, = 80°C. Obtaining 7(r,;) = T,; = 336.5°C 
from Equation 7 and substituting into Equation 10, the required convection coefficient 
is found to be h = 110 W/m*- K. Using the JHT Workspace, parametric calculations 
may be performed to determine the effects of the convection coefficient and the gener- 
ation rate on the maximum tube temperature, and results are plotted as a function of 
h for three values of q. 
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500 


400 


300 


200 


Maximum tube temperature, T, 5 (°C) 


20 60 100 140 180 
Convection coefficient, h (W/m?*K) 


For each generation rate, the minimum value of h needed to maintain T,, = 350°C 
may be determined from the figure. 


3. The temperature distribution, Equation 7, may also be obtained by using the results of 
Appendix C. Applying a surface energy balance at r = r;, with g(r) = —qa(5 — TDL, 
(T,. — T,.,) may be determined from Equation C.8 and the result substituted into Equa- 
tion C.2 to eliminate 7, , and obtain the desired expression. 

Ey 


3-6 Heat Transfer from Extended Surfaces 


The term extended surface is commonly used to depict an important special case involving 
heat transfer by conduction within a solid and heat transfer by convection (and/or radiation) 
from the boundaries of the solid. Until now, we have considered heat transfer from the 
boundaries of a solid to be in the same direction as heat transfer by conduction in the solid. 
In contrast, for an extended surface, the direction of heat transfer from the boundaries is 
perpendicular to the principal direction of heat transfer in the solid. 

Consider a strut that connects two walls at different temperatures and across which there 
is fluid flow (Figure 3.12). With 7, > T,, temperature gradients in the x-direction sustain 
heat transfer by conduction in the strut. However, with 7, > T, > T,,, there is concurrent heat 


™\ 


FicurE 3.12 Combined conduction and 
T, > Tz > T.. convection in a structural element. 
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transfer by convection to the fluid, causing g,, and hence the magnitude of the temperature 
gradient, |dT/dx|, to decrease with increasing x. 

Although there are many different situations that involve such combined conduction— 
convection effects, the most frequent application is one in which an extended surface is 
used specifically to enhance heat transfer between a solid and an adjoining fluid. Such an 
extended surface is termed a fin. 

Consider the plane wall of Figure 3.13a . If T, is fixed, there are two ways in which the 
heat transfer rate may be increased. The convection coefficient h could be increased by 
increasing the fluid velocity, and/or the fluid temperature T,, could be reduced. However, 
there are many situations for which increasing h to the maximum possible value is either 
insufficient to obtain the desired heat transfer rate or the associated costs are prohibitive. 
Such costs are related to the blower or pump power requirements needed to increase h 
through increased fluid motion. Moreover, the second option of reducing T., is often 
impractical. Examining Figure 3.13 , however, we see that there exists a third option. That 
is, the heat transfer rate may be increased by increasing the surface area across which the 
convection occurs. This may be done by employing fins that extend from the wall into 
the surrounding fluid. The thermal conductivity of the fin material can have a strong effect 
on the temperature distribution along the fin and therefore influences the degree to which 
the heat transfer rate is enhanced. Ideally, the fin material should have a large thermal con- 
ductivity to minimize temperature variations from its base to its tip. In the limit of infinite 
thermal conductivity, the entire fin would be at the temperature of the base surface, thereby 
providing the maximum possible heat transfer enhancement. 

Examples of fin applications are easy to find. Consider the arrangement for cooling 
engine heads on motorcycles and lawn mowers or for cooling electric power transformers. 
Consider also the tubes with attached fins used to promote heat exchange between air and 
the working fluid of an air conditioner. Two common finned-tube arrangements are shown 
in Figure 3.14. 

Different fin configurations are illustrated in Figure 3.15. A straight fin is any extended 
surface that is attached to a plane wall. It may be of uniform cross-sectional area, or its 
cross-sectional area may vary with the distance x from the wall. An annular fin is one that is 
circumferentially attached to a cylinder, and its cross section varies with radius from the 
wall of the cylinder. The foregoing fin types have rectangular cross sections, whose area 
may be expressed as a product of the fin thickness ¢ and the width w for straight fins or the 
circumference 27r for annular fins. In contrast a pin fin, or spine, is an extended surface of 
circular cross section. Pin fins may also be of uniform or nonuniform cross section. In any 


Ficure 3.13 Use of fins to enhance 
heat transfer from a plane wall. 
(a) (b) (a) Bare surface. (6) Finned surface. 
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Liquid flow 


Gas flow 


FicurE 3.14 Schematic of typical finned-tube heat exchangers. 


application, selection of a particular fin configuration may depend on space, weight, manufac- 
turing, and cost considerations, as well as on the extent to which the fins reduce the surface 
convection coefficient and increase the pressure drop associated with flow over the fins. 


3.6.1 A General Conduction Analysis 


As engineers we are primarily interested in knowing the extent to which particular 
extended surfaces or fin arrangements could improve heat transfer from a surface to the 
surrounding fluid. To determine the heat transfer rate associated with a fin, we must first 
obtain the temperature distribution along the fin. As we have done for previous systems, we 
begin by performing an energy balance on an appropriate differential element. Consider 
the extended surface of Figure 3.16. The analysis is simplified if certain assumptions are 
made. We choose to assume one-dimensional conditions in the longitudinal (x-) direction, 
even though conduction within the fin is actually two-dimensional. The rate at which 
energy is convected to the fluid from any point on the fin surface must be balanced by 
the net rate at which energy reaches that point due to conduction in the transverse (y-, z-) 
direction. However, in practice the fin is thin, and temperature changes in the transverse 


(a) (b) (c) (d) 


FicurE 3.15 Fin configurations. (a) Straight fin of uniform cross section. (b) Straight fin of 
nonuniform cross section. (c) Annular fin. (d) Pin fin. 
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FicurE 3.16 Energy balance for an 
extended surface. 


direction within the fin are small compared with the temperature difference between the fin 
and the environment. Hence, we may assume that the temperature is uniform across the 
fin thickness, that is, it is only a function of x. We will consider steady-state conditions and 
also assume that the thermal conductivity is constant, that radiation from the surface is neg- 
ligible, that heat generation effects are absent, and that the convection heat transfer coeffi- 
cient h is uniform over the surface. 

Applying the conservation of energy requirement, Equation 1.12c, to the differential 
element of Figure 3.16, we obtain 


Wx = Ae+dx “te dQ eony (3.61) 
From Fourier’s law we know that 
d= —kA, - (3.62) 
dx 


where A, is the cross-sectional area, which may vary with x. Since the conduction heat rate 
at x + dx may be expressed as 


Ixtax = Ix + th dx (3.63) 
it follows that 
Gerax = kA, eS (4 ir) dx (3.64) 
The convection heat transfer rate may be expressed as 
Aqeony = hdA(T — T-.) (3.65) 


where dA, is the surface area of the differential element. Substituting the foregoing rate 
equations into the energy balance, Equation 3.61, we obtain 


d dT\_ hda, 
A T—T.,) = 
ral . | k dx ( ie 
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or 


ar (1 Aa (; ndA, 


de \A, dx} dx \A.k ala a eo 


This result provides a general form of the energy equation for an extended surface. Its solu- 
tion for appropriate boundary conditions provides the temperature distribution, which may 
be used with Equation 3.62 to calculate the conduction rate at any x. 


26.2 Fins of Uniform Cross-Sectional Area 


To solve Equation 3.66 it is necessary to be more specific about the geometry. We begin with 
the simplest case of straight rectangular and pin fins of uniform cross section (Figure 3.17). 
Each fin is attached to a base surface of temperature 7(0) = 7, and extends into a fluid of 
temperature T,,. 

For the prescribed fins, A, is a constant and A, = Px, where A, is the surface area mea- 
sured from the base to x and P is the fin perimeter. Accordingly, with dA,/dx = 0 and 
dA,/dx = P, Equation 3.66 reduces to 


aT _ WP. 


i a a0 (3.67) 


To simplify the form of this equation, we transform the dependent variable by defining an 
excess temperature 6 as 
O(x) = T(x) — T.. (3.68) 


where, since T,, is a constant, d@/dx = dT/dx. Substituting Equation 3.68 into Equation 3.67, 
we then obtain 


dO _ 
de 


m6 =0 (3.69) 


FicureE 3.17 Straight fins of uniform cross section. (a) Rectangular 
fin. (6) Pin fin. 
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where 


ii == (3.70) 


Equation 3.69 is a linear, homogeneous, second-order differential equation with constant 
coefficients. Its general solution is of the form 


A(x) = Cye™ + Ce™ te 


By substitution it may readily be verified that Equation 3.71 is indeed a solution to 
Equation 3.69. 

To evaluate the constants C, and C, of Equation 3.71, it is necessary to specify appropriate 
boundary conditions. One such condition may be specified in terms of the temperature at the 
base of the fin (x = 0) 


(0) = T, — T.. = O05 (3.72) 


The second condition, specified at the fin tip (x = L), may correspond to one of four differ- 
ent physical situations. 

The first condition, Case A, considers convection heat transfer from the fin tip. Apply- 
ing an energy balance to a control surface about this tip (Figure 3.18), we obtain 


hA{T(L) - T..1 = —kA, 
dx x=L 
or 
ho(L) = _,2 (3.73) 
dx x=L 


That is, the rate at which energy is transferred to the fluid by convection from the tip must 
equal the rate at which energy reaches the tip by conduction through the fin. Substituting 
Equation 3.71 into Equations 3.72 and 3.73, we obtain, respectively, 


#,=C,+C, (3.74) 
and 
h(Cye™ + C,e-™) = km(C,e-™ — C,e™) 
Solving for C, and C;, it may be shown, after some manipulation, that 


@ _ cosh m(L — x) + (h/mk) sinh m(L — x) 
6, cosh mL + (h/mk) sinh mL 


(3.75) 


The form of this temperature distribution is shown schematically in Figure 3.18. Note that 
the magnitude of the temperature gradient decreases with increasing x. This trend is a con- 
sequence of the reduction in the conduction heat transfer q,(x) with increasing x due to 
continuous convection losses from the fin surface. 

We are particularly interested in the amount of heat transferred from the entire fin. 
From Figure 3.18, it is evident that the fin heat transfer rate gp may be evaluated in two 
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Fluid, 7., 


conv 


a 


—> |!!__+ ha ITIL) - T.] 
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T, 


ad 


I = Up 


o, 


3 
Ss 


FicurE 3.18 Conduction and 
(e) E convection in a fin of uniform 
x cross section. 


alternative ways, both of which involve use of the temperature distribution. The simpler 
procedure, and the one that we will use, involves applying Fourier’s law at the fin base. 
That is, 


dT dé 
= q, = —kA, —kA, 3.76 
df — Wb Se lex de iay ( ) 
Hence, knowing the temperature distribution, @(x), gy may be evaluated, giving 
+ 
a= ViPKA.O, sinh mL (h /mk) cosh mL G77) 


cosh mL + (h/mk) sinh mL 


However, conservation of energy dictates that the rate at which heat is transferred by con- 
vection from the fin must equal the rate at which it is conducted through the base of the fin. 
Accordingly, the alternative formulation for q, is 


a J nT — T,] dA, 


a= | n000) dA, (3.78) 


where A; is the total, including the tip, fin surface area. Substitution of Equation 3.75 into 
Equation 3.78 would yield Equation 3.77. 

The second tip condition, Case B, corresponds to the assumption that the convective 
heat loss from the fin tip is negligible, in which case the tip may be treated as adiabatic and 


do 
dx 


=0 (3.79) 


X=L 


Substituting from Equation 3.71 and dividing by m, we then obtain 


Ce — Coa — 0 
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Using this expression with Equation 3.74 to solve for C, and C, and substituting the results 
into Equation 3.71, we obtain 
6 _ cosh m(L — x) 
0, cosh mL 


(3.80) 


Using this temperature distribution with Equation 3.76, the fin heat transfer rate is then 


dp = V hPkA,6, tanh mL (3.81) 


In the same manner, we can obtain the fin temperature distribution and heat transfer rate 
for Case C, where the temperature is prescribed at the fin tip. That is, the second boundary con- 
dition is 0(L) = 6,, and the resulting expressions are of the form 


6 _ (6,/0,) sinh mx + sinh m(L — x) 


0, sinh mL 


h mL — 
a= ViPKA.O, cosn ™ 6,/6, 


sinh mL 


(3.82) 


(3.83) 


The very long fin, Case D, is an interesting extension of these results. In particular, as L > ©, 
0, — 0 and it is easily verified that 


gy = VAPKA.O, 


(3.84) 


(3.85) 


The foregoing results are summarized in Table 3.4. A table of hyperbolic functions is provided 


in Appendix B.1. 


TABLE 3.4: Temperature distribution and heat loss for fins of uniform cross section 


Tip Condition Temperature Fin Heat 
Case (x = L) Distribution 6/6, Transfer Rate q; 
a rae aly neat cosh m(L — x) + (himk) sinh m(L — x) sinh mL + (himk) cosh mL 
hO(L) = kdl dx, cosh mL + (h/mk) sinh mL cosh mL + (h/mk) sinh mL 
(3.75) (3.77) 
B Adiabatic: cosh m(L — x) 
eae oe M tanh mL 
OI dx .-1 =0 cosh mL 7 
(3.80) (3.81) 
C Prescribed temperature: 
OL) = 0, (0,/0,) sinh mx + sinh m(L — x) (cosh mL — 6,/6,) 
sinh mL sinh mL 
(3.82) (3.83) 
D Infinite fin (L — ©): 
6(L) = 0 em (3.84) M (3.85) 
06=T- T. m = hPIkA, 


6,= 60) =T,-T. M=VhAPKAO, 
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EXAMPLE 3.9 


A very long rod 5 mm in diameter has one end maintained at 100°C. The surface of the rod is 
exposed to ambient air at 25°C with a convection heat transfer coefficient of 100 W/m?-K. 

1. Determine the temperature distributions along rods constructed from pure copper, 
2024 aluminum alloy, and type AISI 316 stainless steel. What are the corresponding 
heat losses from the rods? 

2. Estimate how long the rods must be for the assumption of infinite length to yield an 
accurate estimate of the heat loss. 


SOLUTION 


Known: A long circular rod exposed to ambient air. 


Find: 
1. Temperature distribution and heat loss when rod is fabricated from copper, an alu- 
minum alloy, or stainless steel. 


2. How long rods must be to assume infinite length. 


Schematic: 
Air 
LY vA T., = 25°C 
h = 100 W/m*K 
k, Lox, D= 5mm 
Assumptions: 


1. Steady-state conditions. 

. One-dimensional conduction along the rod. 

. Constant properties. 

. Negligible radiation exchange with surroundings. 


. Uniform heat transfer coefficient. 


Nn BW NY 


. Infinitely long rod. 


Properties: Table A.1, copper [T = (T, + T.,)/2 = 62.5°C ~ 335 K]: k = 398 W/m:K. 
Table A.1, 2024 aluminum (335 K): k = 180 W/m:K. Table A.1, stainless steel, AISI 316 
(335 K): k = 14 W/m-K. 


Analysis: 


1. Subject to the assumption of an infinitely long fin, the temperature distributions are 
determined from Equation 3.84, which may be expressed as 


T=T.+(T,—Ta)e™ 
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where m = (hP/kA,)'” = (4h/kD)'”. Substituting for h and D, as well as for the thermal 
conductivities of copper, the aluminum alloy, and the stainless steel, respectively, the 
values of m are 14.2, 21.2, and 75.6 m~'. The temperature distributions may then be 
computed and plotted as follows: 


T (°C) 


6) 50 100 150 200 250 300 
x (mm) 


From these distributions, it is evident that there is little additional heat transfer associ- 
ated with extending the length of the rod much beyond 50, 200, and 300 mm, respec- 
tively, for the stainless steel, the aluminum alloy, and the copper. 

From Equation 3.85, the heat loss is 


dp = V hPkKA, 9, 


Hence for copper, 


Gp = [100 win’-K X a X 0.005 m 


1/2 
x 398 W/m:K X 7 (0.005 mr (100 — 25)°C 


= 83 W < 


Similarly, for the aluminum alloy and stainless steel, respectively, the heat rates are 
dy = 5.6 W and 1.6 W. 


2. Since there is no heat loss from the tip of an infinitely long rod, an estimate of the 
validity of this approximation may be made by comparing Equations 3.81 and 3.85. To 
a satisfactory approximation, the expressions provide equivalent results if tanh mL 
= 0.99 or mL = 2.65. Hence a rod may be assumed to be infinitely long if 


For copper, 


<J 


398 W/m: K X (2/4)(0.005 m)? | 2 
=0.19m 


L. = 2.65 
100 W/m?: K X 77(0.005 m) 


Results for the aluminum alloy and stainless steel are L,, = 0.13 m and L,, = 0.04 m, 
respectively. 
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Comments: 


1. The foregoing results suggest that the fin heat transfer rate may accurately be predicted 
from the infinite fin approximation if mL = 2.65. However, if the infinite fin approxi- 
mation is to accurately predict the temperature distribution 7(x), a larger value of mL 
would be required. This value may be inferred from Equation 3.84 and the requirement 
that the tip temperature be very close to the fluid temperature. Hence, if we require that 
A(L)/6,, = exp(—mL) < 0.01, it follows that mL > 4.6, in which case L., ~ 0.33, 0.23, 
and 0.07 m for the copper, aluminum alloy, and stainless steel, respectively. These 
results are consistent with the distributions plotted in part 1. 


2. This example is solved in the Advanced section of [HT. 


26.0. Fin Performance 


Recall that fins are used to increase the heat transfer from a surface by increasing the effec- 
tive surface area. However, the fin itself represents a conduction resistance to heat transfer 
from the original surface. For this reason, there is no assurance that the heat transfer rate 
will be increased through the use of fins. An assessment of this matter may be made by 
evaluating the fin effectiveness eé,. It is defined as the ratio of the fin heat transfer rate to the 
heat transfer rate that would exist without the fin. Therefore 


Uf 
hA,»6, 


(3.86) 


oe 


where A.., is the fin cross-sectional area at the base. In any rational design the value of é, 
should be as large as possible, and in general, the use of fins may rarely be justified unless 
& > 2. 

: Subject to any one of the four tip conditions that have been considered, the effectiveness 
for a fin of uniform cross section may be obtained by dividing the appropriate expression for 
qy in Table 3.4 by hA..,6,. Although the installation of fins will alter the surface convection 
coefficient, this effect is commonly neglected. Hence, assuming the convection coefficient 
of the finned surface to be equivalent to that of the unfinned base, it follows that, for the infi- 
nite fin approximation (Case D), the result is 


1/2 
e,= &3 (3.87) 


Several important trends may be inferred from this result. Obviously, fin effectiveness is 
enhanced by the choice of a material of high thermal conductivity. Aluminum alloys and 
copper come to mind. However, although copper is superior from the standpoint of thermal 
conductivity, aluminum alloys are the more common choice because of additional benefits 
related to lower cost and weight. Fin effectiveness is also enhanced by increasing the ratio of 
the perimeter to the cross-sectional area. For this reason, the use of thin, but closely spaced 
fins, is preferred, with the proviso that the fin gap not be reduced to a value for which flow 
between the fins is severely impeded, thereby reducing the convection coefficient. 

Equation 3.87 also suggests that the use of fins can be better justified under conditions for 
which the convection coefficient h is small. Hence from Table 1.1 it is evident that the need 
for fins is stronger when the fluid is a gas rather than a liquid and when the surface heat transfer 
is by free convection. If fins are to be used on a surface separating a gas and a liquid, they are 
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generally placed on the gas side, which is the side of lower convection coefficient. A common 
example is the tubing in an automobile radiator. Fins are applied to the outer tube surface, over 
which there is flow of ambient air (small /), and not to the inner surface, through which there is 
flow of water (large h). Note that, if ¢; > 2 is used as a criterion to justify the implementation 
of fins, Equation 3.87 yields the requirement that (KP/hA,) > 4. 

Equation 3.87 provides an upper limit to ¢, which is reached as L approaches infinity. 
However, it is certainly not necessary to use very long fins to achieve near maximum heat 
transfer enhancement. As seen in Example 3.8, 99% of the maximum possible fin heat 
transfer rate is achieved for mL = 2.65. Hence, it would make no sense to extend the fins 
beyond L = 2.65/m. 

Fin performance may also be quantified in terms of a thermal resistance. Treating the 
difference between the base and fluid temperatures as the driving potential, a fin resistance 
may be defined as 


9, 
Re qY (3.88) 
This result is extremely useful, particularly when representing a finned surface by a thermal 
circuit. Note that, according to the fin tip condition, an appropriate expression for g, may be 
obtained from Table 3.4. 

Dividing Equation 3.88 into the expression for the thermal resistance due to convection 


at the exposed base, 


1 
Ri = : 
OFA, (3.89) 
and substituting from Equation 3.86, it follows that 
Ris 
= — (3.90) 
if Ry 


Hence the fin effectiveness may be interpreted as a ratio of thermal resistances, and to 
increase é&; it is necessary to reduce the conduction/convection resistance of the fin. If the 
fin is to enhance heat transfer, its resistance must not exceed that of the exposed base. 

Another measure of fin thermal performance is provided by the fin efficiency n,. The 
maximum driving potential for convection is the temperature difference between the base 
(x = 0) and the fluid, 0, = 7, — T.,. Hence the maximum rate at which a fin could dissipate 
energy is the rate that would exist if the entire fin surface were at the base temperature. 
However, since any fin is characterized by a finite conduction resistance, a temperature 
gradient must exist along the fin and the preceding condition is an idealization. A logical 
definition of fin efficiency is therefore 


Cp OF 
max hA,9, 


Ue (3.91) 


where A;is the surface area of the fin. For a straight fin of uniform cross section and an adi- 
abatic tip, Equations 3.81 and 3.91 yield 


n= M tanh mL _ tanh mL 
‘hPL, mL 


Referring to Table B.1, this result tells us that , approaches its maximum and minimum 
values of | and 0, respectively, as L approaches 0 and ©. 


(3.92) 
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In lieu of the somewhat cumbersome expression for heat transfer from a straight rec- 
tangular fin with an active tip, Equation 3.77, it has been shown that approximate, yet accu- 
rate, predictions may be obtained by using the adiabatic tip result, Equation 3.81, with a 
corrected fin length of the form L, = L + (#/2) for a rectangular fin and L, = L + (D/4) for 
a pin fin [14]. The correction is based on assuming equivalence between heat transfer from 
the actual fin with tip convection and heat transfer from a longer, hypothetical fin with an 
adiabatic tip. Hence, with tip convection, the fin heat rate may be approximated as 


dy = M tanh mL, (3.93) 
and the corresponding efficiency as 
tanh mL, 
=——_— 3.94 
Np Ps ( ) 


| i 


Errors associated with the approximation are negligible if (Ai/k) or (hD/2k) = 0.0625 [15]. 
If the width of a rectangular fin is much larger than its thickness, w > ¢, the perimeter 
may be approximated as P = 2w, and 


hP 1/2 2h 1/2 
L.= — L. 


Multiplying numerator and denominator by L{” and introducing a corrected fin profile area, 
A, = Lt, it follows that 


1/2 
mL, = (24) L? (3.95) 


Pp 


Hence, as shown in Figures 3.19 and 3.20, the efficiency of a rectangular fin with tip con- 
vection may be represented as a function of L,*’(h/kA,)'”. 


ny (%) 


) 0.5 1.0 1,5 2.0 2.5 
12? (nikA,)!? 


Ficure 3.19 Efficiency of straight fins (rectangular, triangular, and parabolic profiles). 
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ny (%) 


0) 0.5 1.0 15 2.0 2.5 
1? (hikA,)!? 


FicurE 3.20 Efficiency of annular fins of rectangular profile. 


3.6.4 Fins of Nonuniform Cross-Sectional Area 


Analysis of fin thermal behavior becomes more complex if the fin is of nonuniform cross 
section. For such cases the second term of Equation 3.66 must be retained, and the solu- 
tions are no longer in the form of simple exponential or hyperbolic functions. As a special 
case, consider the annular fin shown in the inset of Figure 3.20. Although the fin thickness 
is uniform (¢ is independent of r), the cross-sectional area, A, = 277rt, varies with r. Replac- 
ing x by rin Equation 3.66 and expressing the surface area as A, = 27(r? — r}), the general 
form of the fin equation reduces to 


aT , 1 dT 2h 
dr2 ' dr kt 


(T —T,,) =0 


or, with m? = 2h/kt and 6 = T-T,,, 


d°6 1 do _ 
dr?! ar 


m0 =0 


The foregoing expression is a modified Bessel equation of order zero, and its general solu- 
tion is of the form 


0(r) = C\l(mr) + C,K)(mr) 


where J) and Ky are modified, zero-order Bessel functions of the first and second kinds, 
respectively. If the temperature at the base of the fin is prescribed, 0(r,) = 6,, and an adia- 
batic tip is presumed, d6/dr|,, = 0, C; and C, may be evaluated to yield a temperature dis- 
tribution of the form 


@ — [(mr)K\(mr,) + Ko(mr)l, (mr) 
0, = [mr K\(mry) + Ko(mr,)1, (mrp) 
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where J,(mr) = d[I)(mr)\/d(mr) and K,(mr) = -d[K,(mr)]/d(mr) are modified, first-order 
Bessel functions of the first and second kinds, respectively. The Bessel functions are tabu- 
lated in Appendix B. 
With the fin heat transfer rate expressed as 
dT 


dé 
= —kA., — = —k(27r,t) — 
e OP dP | pss ene) dF | =r, 


1 


it follows that 


K,(mr,)L,\(mr) — L,mr,)K (mrp) 
Ko(mr,)L,(mr,) + Ig¢mr)K (mr) 


dy = 2a0kr t0,m 


from which the fin efficiency becomes 


_ dF = 2r, K\(mr,)L,(mr.) — L,mr,)K (ry) 
h2a(r5 — 1r)0, 9 mrs — 74) Kolmr L(mrz) + Ip(mr,)K (ry) 


This result may be applied for an active (convecting) tip, if the tip radius r, is replaced by a 
corrected radius of the form ry, = r, + (t/2). Results are represented graphically in Figure 3.20. 

Knowledge of the thermal efficiency of a fin may be used to evaluate the fin resistance, 
where, from Equations 3.88 and 3.91, it follows that 


Nf (3.96) 


1 
R,,.=— 97 
Am oe 


Expressions for the efficiency and surface area of several common fin geometries are 
summarized in Table 3.5. Although results for the fins of uniform thickness or diameter 


TABLE 3.5 Efficiency of common fin shapes 


Straight Fins 
Rectangular“ 
A; = 2wL, _ tanh mL, (3.94) 
L.=L + (t/2) 1 mL, 
A, = tL 
Triangular“ Om) 
A. = WIL? + (1/2)7)!2 ae 3.98 
ME Ay] mL IgQmL) a8) 
A, = (#2)L 
Parabolic’ 
Ay = wICL + 
sabe 2 (3.99) 


(L/t)ln (WL + C,)) 
C, = [1 + @L]'? 
A, = G3)L 


1 Ta@mby + 1? + 1 
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TABLE 3.5 Continued 


Circular Fin 
Rectangular“ 


Ay =r (73, _ 7?) \ 1 = C K\(mr,)I,(mry,) — [(mr,)K (mr) (3.96) 


* Io(mr,)K (mry,) + Ko(mr;)I,(mr,) 


t 
Too = Ty + (1/2) i 7 t 
i L (73. — rt) 
<P 
amd 
Pin Fins 
Rectangular? 
A, = TDL, tanh mL, 
L.=L + (D/4) Y= (3.100) 
V = (aD7/4)L 
Triangular’ 
— 7D 72 212 _ 2 1,(2mL) 
Ay 5) [L* + (D/2)"] ae J T,(2mL) (3.101) 
V = (a@/12)D°L i 
f —+| 
Parabolic? 
3 
Nf (3.102) 


i In [(2DCJL) + C3]} ~ [4/9(mLy + 12+ 1 


aid 


C; = 1 + 2(D/L? 
C, = [1 + (DILY|!” 
V = (7/20)D? L 


“m = (2hikt)'”. 
’m = (4h/kD)'”. 


were obtained by assuming an adiabatic tip, the effects of convection may be treated by 
using a corrected length (Equations 3.94 and 3.100) or radius (Equation 3.96). The triangu- 
lar and parabolic fins are of nonuniform thickness that reduces to zero at the fin tip. 

Expressions for the profile area, A,, or the volume, V, of a fin are also provided in 
Table 3.5. The volume of a straight fin is simply the product of its width and profile area, 
V = WA,. 

Fin ‘dean is often motivated by a desire to minimize the fin material and/or related 
manufacturing costs required to achieve a prescribed cooling effectiveness. Hence, a straight 
triangular fin is attractive because, for equivalent heat transfer, it requires much less volume 
(fin material) than a rectangular profile. In this regard, heat dissipation per unit volume, (q/V),, 
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is largest for a parabolic profile. However, since (q/V), for the parabolic profile is only 
slightly larger than that for a triangular profile, its use can rarely be justified in view of its 
larger manufacturing costs. The annular fin of rectangular profile is commonly used to 
enhance heat transfer to or from circular tubes. 


3.6.5 Overall Surface Efficiency 


In contrast to the fin efficiency 7, which characterizes the performance of a single fin, the 
overall surface efficiency , characterizes an array of fins and the base surface to which 
they are attached. Representative arrays are shown in Figure 3.21, where S designates the 
fin pitch. In each case the overall efficiency is defined as 


UE UE 
= = —_ 3.103 
ES ie, ( ) 


where q, is the total heat rate from the surface area A, associated with both the fins and the 
exposed portion of the base (often termed the prime surface). If there are N fins in the array, 


each of surface area Ay, and the area of the prime surface is designated as A,, the total 
surface area is 


A, = NA+ A, (3.104) 
The maximum possible heat rate would result if the entire fin surface, as well as the 
exposed base, were maintained at T;,,. 


The total rate of heat transfer by convection from the fins and the prime (unfinned) 
surface may be expressed as 


4G: = NnghA,6, + hA,O, (3.105) 


where the convection coefficient / is assumed to be equivalent for the finned and prime sur- 
faces and ypis the efficiency of a single fin. Hence 


NA; 
n= HINeAy + (Ay — NAJIO, = hA,] 1 — 


= nif (3.106) 


t 


(a) (b) 


Ficure 3.21 Representative fin arrays. (a) Rectangular fins. 
(b) Annular fins. 
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Substituting Equation (3.106) into (3.103), it follows that 


From knowledge of 7,, Equation 3.103 may be used to calculate the total heat rate for a fin 
array. 

Recalling the definition of the fin thermal resistance, Equation 3.88, Equation 3.103 
may be used to infer an expression for the thermal resistance of a fin array. That is, 


where R,,, is an effective resistance that accounts for parallel heat flow paths by conduc- 
tion/convection in the fins and by convection from the prime surface. Figure 3.22 illustrates 
the thermal circuits corresponding to the parallel paths and their representation in terms of 
an effective resistance. 

If fins are machined as an integral part of the wall from which they extend (Figure 3.22a), 
there is no contact resistance at their base. However, more commonly, fins are manufactured 
separately and are attached to the wall by a metallurgical or adhesive joint. Alternatively, the 
attachment may involve a press fit, for which the fins are forced into slots machined on 
the wall material. In such cases (Figure 3.225), there is a thermal contact resistance R,,, which 


(NnjphAp 


gerry 


Tyo oT. 


are : 


[A(A, -NAJT* 


vy 
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“1 
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Ficure 3.22 Fin array and thermal circuit. (a) Fins that are integral with the base. 
(b) Fins that are attached to the base. 


172 


Chapter 3. = One-Dimensional, Steady-State Conduction 


may adversely influence overall thermal performance. An effective circuit resistance may 
again be obtained, where, with the contact resistance, 


, 1 
RO = = area 3.109 
t,o(c) dt Note) h. A, ( ) 
It is readily shown that the corresponding overall surface efficiency is 
NA; ( 2 
Now =1- 1 (3.110a) 
(c) Ay @ 
where 
C, = 1 + phA,/(Ri-/Acs) (3.110b) 


In manufacturing, care must be taken to render R,.. < R,p. 


EXAMPLE 3.10 


The engine cylinder of a motorcycle is constructed of 2024-T6 aluminum alloy and is of 
height H = 0.15 m and outside diameter D = 50 mm. Under typical operating conditions 
the outer surface of the cylinder is at a temperature of 500 K and is exposed to ambient air 
at 300 K, with a convection coefficient of 50 W/m*:K. Annular fins are integrally cast with 
the cylinder to increase heat transfer to the surroundings. Consider five such fins, which are 
of thickness t = 6 mm, length L = 20 mm, and equally spaced. What is the increase in heat 
transfer due to use of the fins? 


SOLUTION 


Known: Operating conditions of a finned motorcycle cylinder. 


Find: _ Increase in heat transfer associated with using fins. 


Schematic: 
Engine cylinder 
ry I cross section 
i T (2024 T6 Al alloy) 
T, = 500 K 
H=0.15m 
+ T., = 300 K 
t=6mm h = 50 W/mK 
t <—— 
| o Air 
. ses 
Lol = 25mm <— 
;- L=20mm 
>| -l9 = 45 mm 
Assumptions: 


1. Steady-state conditions. 
2. One-dimensional radial conduction in fins. 


3. Constant properties. 
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4. Negligible radiation exchange with surroundings. 


5. Uniform convection coefficient over outer surface (with or without fins). 
Properties: Table A.1, 2024-T6 aluminum (T = 400 K): k = 186 W/m-K. 


Analysis: With the fins in place, the heat transfer rate is given by Equation 3.106 


NA; 
zo = ny) 6, 


t 


a= ha,|1- 


where A; = 2a(r3, — 7) = 2a[(0.048 m)* — (0.025 m)*] = 0.0105 m? and, from Equa- 
tion 3.104, A, = NA; + 2ar,(H — Nt) = 0.0527 m? + 27(0.025 m) [0.15 m — 0.03 m] = 
0.0716 m*. With 1r,/r, = 1.92, L,=0.023m, A, = 1.380 X 10-*m’, we obtain 
L2?(hIkA,)'" = 0.15. Hence, from Figure 3.20, the fin efficiency is ny, ~ 0.95. 
With the fins, the total heat transfer rate is then 


_ 0.0527 m? 
0.0716 m? 


Without the fins, the convection heat transfer rate would be 


q, = 50 W/m? + K X 0.0716 m? c 005) 200 K = 690 W 


wo = W271 H)O, = 50 W/m? + K(27r X 0.025 m X 0.15 m)200 K = 236 W 


Hence 
Ag = 4: — Fo = 454 W < 


Comments: 

1. Although the fins significantly increase heat transfer from the cylinder, considerable 
improvement could still be obtained by increasing the number of fins. We assess this 
possibility by computing gq, as a function of N, first by fixing the fin thickness at 
t = 6mm and increasing the number of fins by reducing the spacing between fins. Pre- 
scribing a fin clearance of 2mm at each end of the array and a minimum fin gap of 
4mm, the maximum allowable number of fins is N = H/S = 0.15 m/(0.004 + 0.006) 
m = 15. The parametric calculations yield the following variation of q, with N: 


600 
400 


200 


q, (W) 


000 


800 


5 7 9 11 13 15 
Number of fins, NV 


The number of fins could also be increased by reducing the fin thickness. If the fin gap 
is fixed at (S — ft) = 4mm and manufacturing constraints dictate a minimum allowable 
fin thickness of 2 mm, up to N = 25 fins may be accommodated. In this case the para- 
metric calculations yield 
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3000 

2500 
— 2000 
= 
= 

1500 


1000 


5 10 15 20 25 
Number of fins, NV 
The foregoing calculations are based on the assumption that / is not affected by a 
reduction in the fin gap. The assumption is reasonable as long as there is no interaction 
between boundary layers that develop on the opposing surfaces of adjoining fins. Note 
that, since NA; > 27r\(H — Nt) for the prescribed conditions, g, increases nearly lin- 
early with increasing N. 


2. The Models/Extended Surfaces option in the Advanced section of IHT provides ready- 
to-solve models for straight, pin, and circular fins, as well as for fin arrays. The models 
include the efficiency relations of Figures 3.19 and 3.20 and Table 3.5. 


EXAMPLE 3.11 


In Example 1.5, we saw that to generate an electrical power of P = 9 W, the temperature of 
the PEM fuel cell had to be maintained at T, ~ 56.4°C, which required removal of 11.25 W 
from the fuel cell and a cooling air velocity of V= 9.4 m/s for T,, = 25°C. To provide 
these convective conditions, the fuel cell is centered in a 50 mm X 26 mm rectangular duct, 
with 10-mm gaps between the exterior of the 50mm X 50 mm X 6mm fuel cell and the 
top and bottom of the well-insulated duct wall. A small fan, powered by the fuel cell, is 
used to circulate the cooling air. Inspection of a particular fan vendor’s data sheets suggests 
that the ratio of the fan power consumption to the fan’s volumetric flow rate is 
P,IW;= C = 1000 W/(m*/s) for the range 10°* =V,=10°* m’/s. 


Without 
finned 
heat sink 


BSS 5 : 
i W. ‘4 With 
finned 
heat sink 
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1. Determine the net electric power produced by the fuel cell-fan system, P,., = P — Pp. 


2. Consider the effect of attaching an aluminum (k = 200 W/m:-K) finned heat sink, 
of identical top and bottom sections, onto the fuel cell body. The contact joint has 
a thermal resistance of R/. = 10-7 m?-K/W, and the base of the heat sink is 
of thickness ft, = 2 mm. Each of the N rectangular fins is of length L; = 8mm and 
thickness t; = 1 mm, and spans the entire length of the fuel cell, L. = 50 mm. With the 
heat sink in place, radiation losses are negligible and the convective heat transfer coef- 
ficient may be related to the size and geometry of a typical air channel by an 
expression of the form h = 1.78k,i,(L,+ a)/(L;:a), where a is the distance 
between fins. Draw an equivalent thermal circuit for part 2 and determine the total 
number of fins needed to reduce the fan power consumption to half of the value 
found in part 1. 


SOLUTION 


Known: Dimensions of a fuel cell and finned heat sink, fuel cell operating temperature, 
rate of thermal energy generation, power production. Relationship between power con- 
sumed by a cooling fan and the fan airflow rate. Relationship between the convection coef- 
ficient and the air channel dimensions. 
Find: 

1. The net power produced by the fuel cell—fan system when there is no heat sink. 

2. The number of fins needed to reduce the fan power consumption found in part 1 by 50%. 


Schematic: 


+— L,= 50 mm ——> 
wet PRRA rg site ett 


Finned heat sink 


Finned heat sink T= 25°C, V 
i L,= 8 mm 


Ie w= w,=50 mm > 


Section A-A 
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Assumptions: 


1. 
2. 


Aun dw 


Steady-state conditions. 


Negligible heat transfer from the edges of the fuel cell, as well as from the front and 
back faces of the finned heat sink. 


One-dimensional heat transfer through the heat sink. 


. Adiabatic fin tips. 
. Constant properties. 


. Negligible radiation when the heat sink is in place. 


Properties: Table A4. air (T = 300K): k,j, = 0.0263 W/m-K, c, = 1007 J/kg-K, 
p = 1.1614 kg/m’. 


Analysis: 


1. 


The volumetric flow rate of cooling air is V; = VA., where A, = W (H — t,) is the cross- 
sectional area of the flow region between the duct walls and the unfinned fuel cell. 
Therefore, 
V,= VIW(H — t,)] = 9.4 m/s X [0.05 m X (0.026 m — 0.006 m)] 
=94x 103 m/s 
and 


Pre = P — CV; = 9.0 W — 1000 W/(m*/s) X 9.4 X 1073 m/s = — 0.4 W < 


With this arrangement, the fan consumes more power than is generated by the fuel 
cell, and the system cannot produce net power. 


. To reduce the fan power consumption by 50%, the volumetric flow rate of air must be 


reduced to V; = 4.7 X 10° m*/s. The thermal circuit includes resistances for the con- 
tact joint, conduction through the base of the finned heat sink, and resistances for the 
exposed base of the finned side of the heat sink, as well as the fins. 


R 


tb 


t,base 


Rf) 


The thermal resistances for the contact joint and the base are 
R,,. = Ri./2L.W, = (10> m?+ K/W)/(2 X 0.05 m X 0.05 m) = 0.2 K/W 
and 
Rivase = ty/(2kL.W.) = (0.002 m)/(2 X 200 W/m: K x 0.05 m X< 0.05 m) 
= 0.002 K/W 
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where the factors of two account for the two sides of the heat sink assembly. For the 
portion of the base exposed to the cooling air, the thermal resistance is 


Ry = Wh QW, — Nt)L.] = I{h X (2 X 0.05 m — N X 0.001 m) X 0.05 m] 


which cannot be evaluated until the total number of fins on both sides, N, and h are 
determined. 

For a single fin, R,; = 0,/q,, where, from Table 3.4 for a fin with an insulated fin 
tip, R, p= (APkA,) ‘“/tanh(mL,). In our case, P = 2(L, + 4) = 2 X (0.05 m + 0.001 m) = 
0.102 m, A, = Lt = 0.05 m X 0.001 m = 0.00005 m’, and 

m= VhPIkA, = [h X 0.102 m/(200 W/m: K X 0.00005 m?)]'” 


Hence, 


_ (h X 0.102 m X 200 W/m + K X 0.00005 m?)~'? 
af tanh(n X 0.008 m) 


and for N fins, R, qv, = R,¢/N. As for R,,, R,- cannot be evaluated until 4 and N are deter- 
mined. Also, / depends on a, the distance between fins, which in turn depends on N, 
according to a = (2W. — Nt)/N = (2 X 0.05 m — N X 0.001 m)/N. Thus, specification of 
N will make it possible to calculate all resistances. From the thermal resistance network, the 
total thermal resistance is Ry, = Ri + Ribase + Requiv: Where Reguiy = [R., 1+ R, qo 1" 

The equivalent fin resistance, R.quyiy, corresponding to the desired fuel cell temper- 
ature is found from the expression 


Pat, eae 
Root R,.+R +R 


equiv 


q= 


t,base 


in which case, 


Cae, 
Rau = Gq ~ (Ric + Ry vase) 


= (56.4°C — 25°C)/11.25 W — (0.2 + 0.002) K/W = 2.59 K/W 


For N = 22, the following values of the various parameters are obtained: a = 0.0035 m, 
h = 19.1 Wim’K, m = 13.9 m|, R, gy, = 2.94 K/W, Rip = 13.5 K/W, Reguiy = 2.41 K/W, 
and R,., = 2.61 K/W, resulting in a fuel cell temperature of 54.4°C. Fuel cell temperatures 
associated with N = 20 and N = 24 fins are T, = 58.9°C and 50.7°C, respectively. 

The actual fuel cell temperature is closest to the desired value when N = 22. There- 
fore, a total of 22 fins, 11 on top and 11 on the bottom, should be specified, resulting in 


Pry = P — Pp=9.0W -4.7W =43 W <J 


Comments: 


1. The performance of the fuel cell—fan system is enhanced significantly by combining 
the finned heat sink with the fuel cell. Good thermal management can transform an 
impractical proposal into a viable concept. 


2. The temperature of the cooling air increases as heat is transferred from the fuel cell. The 
temperature of the air leaving the finned heat sink may be calculated from an overall 
energy balance on the airflow, which yields T, = T; + q/(pc,\;). For part 1, T, = 25°C + 
10.28 W/(1.1614 kg/m? x 1007 J/kg-K X 9.4 X 1073 m/s) = 25.9°C. For part 2, the 
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outlet air temperature is T, = 27.0°C. Hence, the operating temperature of the fuel cell 
will be slightly higher than predicted under the assumption that the cooling air tempera- 
ture is constant at 25°C and will be closer to the desired value. 


3. For the conditions in part 2, the convection heat transfer coefficient does not vary with 
the air velocity. The insensitivity of the value of h to the fluid velocity occurs fre- 
quently in cases where the flow is confined within passages of small cross-sectional 
area, as will be discussed in detail in Chapter 8. The fin’s influence on increasing or 
reducing the value of A relative to that of an unfinned surface should be taken into 
account in critical applications. 


4. A more detailed analysis of the system would involve prediction of the pressure drop 
associated with the fan-induced flow of air through the gaps between the fins. 


5. The adiabatic fin tip assumption is valid since the duct wall is well insulated. 
[eae 


3.é The Bioheat Equation 


The topic of heat transfer within the human body is becoming increasingly important as new 
medical treatments are developed that involve extreme temperatures [16] and as we explore 
more adverse environments, such as the Arctic, underwater, or space. There are two main 
phenomena that make heat transfer in living tissues more complex than in conventional 
engineering materials: metabolic heat generation and the exchange of thermal energy 
between flowing blood and the surrounding tissue. Pennes [17] introduced a modification to the 
heat equation, now known as the Pennes or bioheat equation, to account for these effects. 
The bioheat equation is known to have limitations, but it continues to be a useful tool for 
understanding heat transfer in living tissues. In this section, we present a simplified version 
of the bioheat equation for the case of steady-state, one-dimensional heat transfer. 

Both the metabolic heat generation and exchange of thermal energy with the blood can 
be viewed as effects of thermal energy generation. Therefore, we can rewrite Equation 3.44 
to account for these two heat sources as 

LT , Im* 4 

ba eee = 

dx k 
where g,, and q, are the metabolic and perfusion heat source terms, respectively. The perfu- 
sion term accounts for energy exchange between the blood and the tissue and is an energy 
source or sink according to whether heat transfer is from or to the blood, respectively. The 
thermal conductivity has been assumed constant in writing Equation 3.111. 

Pennes proposed an expression for the perfusion term by assuming that within any 
small volume of tissue, the blood flowing in the small capillaries enters at an arterial tem- 
perature, 7, and exits at the local tissue temperature, 7. The rate at which heat is gained by 
the tissue is the rate at which heat is lost from the blood. If the perfusion rate is w (m*/s of 
volumetric blood flow per m° of tissue), the heat lost from the blood can be calculated from 
Equation 1.12e, or on a unit volume basis, 


0 (3.111) 


Ip = WP, C,(T, — T) (3.112) 


where p, and c, are the blood density and specific heat, respectively. Note that wp, is the 
blood mass flow rate per unit volume of tissue. 
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Substituting Equation 3.112 into Equation 3.111, we find 


at i, Qn ar apc (Ty = 1) $s 
ax k 
Drawing on our experience with extended surfaces, it is convenient to define an excess 
temperature of the form 0 = T — T, — q,,/wp,cy. Then, if we assume that T,, g,,, @, and the 
blood properties are all constant, Equation 3.113 can be rewritten as 
a 
> —md=0 (3.114) 
dx” 
where m* = wp,c,/k. This equation is identical in form to Equation 3.69. Depending on the 
form of the boundary conditions, it may therefore be possible to use the results of Table 3.4 
to estimate the temperature distribution within the living tissue. 


0 (S113) 


EXAMPLE 3.12 

————a 

In Example 1.7, the temperature at the inner surface of the skin/fat layer was given as 
35°C. In reality, this temperature depends on the existing heat transfer conditions, includ- 
ing phenomena occurring farther inside the body. Consider a region of muscle with a 
skin/fat layer over it. At a depth of L,, = 30 mm into the muscle, the temperature can be 
assumed to be at the core body temperature of T. = 37°C. The muscle thermal conductivity 
is k,, = 0.5 W/m:K. The metabolic heat generation rate within the muscle is g,, = 700 W/m?. 
The perfusion rate is w = 0.0005 s'; the blood density and specific heat are p, = 1000 
kg/m? and c, = 3600 J/kg-K, respectively, and the arterial blood temperature 7, is the 
same as the core body temperature. The thickness, emissivity, and thermal conductivity of 
the skin/fat layer are as given in Example 1.7; perfusion and metabolic heat generation 
within this layer can be neglected. We wish to predict the heat loss rate from the body and 
the temperature at the inner surface of the skin/fat layer for air and water environments of 
Example 1.7. 


SOLUTION 

SS] 

Known: Dimensions and thermal conductivities of a muscle layer and a skin/fat layer. 
Skin emissivity and surface area. Metabolic heat generation rate and perfusion rate within 
the muscle layer. Core body and arterial temperatures. Blood density and specific heat. 
Ambient conditions. 


Find: Heat loss rate from body and temperature at inner surface of the skin/fat layer. 


Schematic: 


Skin/Fat €= 0.95 
T T.,, = 297 K-4 


sur 


T, = 37°C 


kg = 0.3 Wimk 


f { t T., = 297 K 
h = 2 Wim? (air) 


>\< >| Air or h = 200 Wim*K (water) 
Ly = 30mm Le =3mm water 


x 


k,, = 0.5 Wim-K 
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Assumptions: 
1. Steady-state conditions. 
2. One-dimensional heat transfer through the muscle and skin/fat layers. 
3. Metabolic heat generation rate, perfusion rate, arterial temperature, blood properties, 
and thermal conductivities are all uniform. 
4. Radiation heat transfer coefficient is known from Example 1.7. 
5. Solar irradiation is negligible. 


Analysis: We will combine an analysis of the muscle layer with a treatment of heat 
transfer through the skin/fat layer and into the environment. The rate of heat transfer 
through the skin/fat layer and into the environment can be expressed in terms of a total 
resistance, R,,;, aS 


q=— (1) 
Ra 


As in Example 3.1 and for exposure of the skin to the air, R,,, accounts for conduction 
through the skin/fat layer in series with heat transfer by convection and radiation, which act 
in parallel with each other. Thus, 


Le -(_1 4 1 Af ber | 1 
kA  \ihA WWh,A A\kye hth, 


Using the values from Example 1.7 for air, 


Ree = 


1 (uae . 1 


R ; 
” 0.3 W/m-K (2+ 5.9) W/m?-K 


1.8 m° 
For water, with h, = 0 and h = 200 W/m’: K, R,,, = 0.0083 W/m?:K. 
Heat transfer in the muscle layer is governed by Equation 3.114. The boundary condi- 


tions are specified in terms of the temperatures, 7, and T,, where T; is, as yet, unknown. In 
terms of the excess temperature 0, the boundary conditions are then 


= 0.076 K/W 


0(0) = T, a i Bs _ an = 0. and O(L,,) = T; _ LT = ah = 
MP; MP,C) 


Since we have two boundary conditions involving prescribed temperatures, the solution for 
0 is given by case C of Table 3.4, 


6 _ (6,/0,)sinh mx + sinh m(L,, — x) 


m 
0. sinh mL,, 


The value of q, given in Table 3.4 would correspond to the heat transfer rate at x = 0, but 
this is not of particular interest here. Rather, we seek the rate at which heat leaves the muscle 
and enters the skin/fat layer so that we can equate this quantity with the rate at which heat is 
transferred through the skin/fat layer and into the environment. Therefore, we calculate the 
heat transfer rate at x = L,, as 


m 


ee (0,/0..) cosh mL, — 1 


x=L, sinh mL,, 


(2) 
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Combining Equations | and 2 yields 


£ AnD (0,/0.) cosh riln =) T= Te 
sinh mL,, Res 


m & 


This expression can be solved for T;, recalling that 7; also appears in 6;. 


T,, sinh mL, + k,AmR,,| 6,+ | T, + —2"— \cosh mL, 
MPpCp 


sinh mL,, + k,,AmR,,, cosh mL,, 


m= V wp,Cp/km = [0.0005 s-' X 1000 kg/m* X 3600 J/kg *K/0.5 W/m: K]'? 


=60m'! 
sinh (mL,,) = sinh (60m! X 0.03 m) = 2.94 
and 
cosh (mL,,) = cosh (60m! X 0.03 m) = 3.11 
6=T—-7T —- ana — 4m 700 W/m" 
S86 OPC @PLCh 0.0005 s-' X 1000 kg/m? X 3600 J/kg + K 
= —0.389 K 


The excess temperature can be expressed in kelvins or degrees Celsius, since it is a temper- 
ature difference. 
Thus, for air: 
{24°C X 2.94 + 0.5 W/m: K X 1.8 m* X 60m"! 
X 0.076 K/W[-0.389°C + (37°C + 0.389°C) X 3.11]} 


~ 2.04 +0.5 Wim-K X 1.8 m2 X 60 m X 0.076 K/W X 3.11 


= 34.8°C <J 


i 


This result agrees well with the value of 35°C that was assumed for Example 1.7. Next we 
can find the heat loss rate: 


_T;—Tx _ 34.8°C — 24°C 


0 Re 0.070Kiw - 

Again this agrees well with the previous result. Repeating the calculation for water, we find 
T, = 28.2°C <J 

q=514W < 


Here the calculation of Example 1.7 was not accurate because it incorrectly assumed that 
the inside of the skin/fat layer would be at 35°C. Furthermore, the skin temperature in this 
case would be only 25.4°C based on this more complete calculation. 


Comments: 


1. In reality, our bodies adjust in many ways to the thermal environment. For example, if 
we are too cold, we will shiver, which increases our metabolic heat generation rate. 
If we are too warm, the perfusion rate near the skin surface will increase, locally rais- 
ing the skin temperature to increase heat loss to the environment. 
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2. Measuring the true thermal conductivity of living tissue is very challenging, first 
because of the necessity of making invasive measurements in a living being, and sec- 
ond because it is difficult to experimentally separate the effects of heat conduction and 
perfusion. It is easier to measure an effective thermal conductivity that would account 
for the combined contributions of conduction and perfusion. However, this effective 
conductivity value necessarily depends on the perfusion rate, which in turn varies with 
the thermal environment and physical condition of the specimen. 


3. The calculations can be repeated for a range of values of the perfusion rate, and the depen- 
dence of the heat loss rate on the perfusion rate is illustrated below. The effect is stronger 
for the case of the water environment, because the muscle temperature is lower and there- 
fore the effect of perfusion by the warm arterial blood is more pronounced. 


700 
600 
500 


400 - 
Water environment 


q(W) 


300 


Air environment 


200 


100 


0) 0.0002 0.0004 0.0006 0.0008 0.001 


w (s-?) 


34 Thermoelectric Power Generation 


As noted in Section 1.6, approximately 60% of the energy consumed globally is wasted in the 
form of low-grade heat. As such, an opportunity exists to harvest this energy stream and con- 
vert some of it to useful power. One approach involves thermoelectric power generation, 
which operates on a fundamental principle termed the Seebeck effect that states when a tem- 
perature gradient is established within a material, a corresponding voltage gradient is induced. 
The Seebeck coefficient S is a material property representing the proportionality between volt- 
age and temperature gradients and, accordingly, has units of volts/K. For a constant property 
material experiencing one-dimensional conduction, as illustrated in Figure 3.234, 


(E, — Ey) = S(T, — Tr) (3.115) 


Electrically conducting materials can exhibit either positive or negative values of the See- 
beck coefficient, depending on how they scatter electrons. The Seebeck coefficient is very 
small in metals, but can be relatively large in some semiconducting materials. 

If the material of Figure 3.234 is installed in an electric circuit, the voltage difference 
induced by the Seebeck effect can drive an electric current /, and electric power can be 
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FIGURE 3.23 Thermoelectric phenomena. (a) The Seebeck effect. 
(b) A simplified thermoelectric circuit consisting of one pair (NV = 1) of 
semiconducting pellets. 


generated from waste heat that induces a temperature difference across the material. A sim- 
plified thermoelectric circuit, consisting of two pellets of semiconducting material, is 
shown in Figure 3.23b. By blending minute amounts of a secondary element into the pellet 
material, the direction of the current induced by the Seebeck effect can be manipulated. 
The resulting p- and n-type semiconductors, which are characterized by positive and nega- 
tive Seebeck coefficients, respectively, can be arranged as shown in the figure. Heat is 
supplied to the top and lost from the bottom of the assembly, and thin metallic conductors 
connect the semiconductors to an external load represented by the electrical resistance, 
Re joad- Ultimately, the amount of electric power that is produced is governed by the heat 
transfer rates to and from the pair of semiconducting pellets shown in Figure 3.23b. 

In addition to inducing an electric current /, thermoelectric effects also induce the 
generation or absorption of heat at the interface between two dissimilar materials. This heat 
source or heat sink phenomenon is known as the Peltier effect, and the amount of heat absorbed 
qp is related to the Seebeck coefficients of the adjoining materials by an equation of the form 


dp = US, — S,)T = SynT (3.116) 


where the individual Seebeck coefficients in the preceding expression, S, and S,,, correspond 
to the p- and n-type semiconductors, and the differential Seebeck coefficient is S,,, = S,—S). 
Temperature is expressed in kelvins in Equation 3.116. The heat absorption is positive (gen- 
eration is negative) when the electric current flows from the n-type to the p-type semiconduc- 
tor. Hence, in Figure 3.235, Peltier heat absorption occurs at the warm interface between the 
semiconducting pellets and the upper, thin metallic conductor, while Peltier heat generation 
occurs at the cool interface between the pellets and the lower conductor. 

When 7; > T,, the heat transfer rates to and from the device, gq, and q, respectively, may be 
found by solving the appropriate form of the energy equation. For steady-state, one-dimensional 
conduction within the assembly of Figure 3.23b the analysis proceeds as follows. 

Assuming the thin metallic connectors are of relatively high thermal and electrical con- 
ductivity, Ohmic dissipation occurs exclusively within the semiconducting pellets, each of 
which has a cross-sectional area A,,. The thermal resistances of the metallic conductors are 
assumed to be negligible, as is heat transfer within any gas trapped between the semicon- 
ducting pellets. Recognizing that the electrical resistance of each of the two pellets may be 
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expressed as R,, = p,,(2L)/A.,, where p,,, is the electrical resistivity of the semiconducting 
material, Equation 3.43 may be used to find the uniform volumetric generation rate within 
each pellet 


jg es 
g= 2 : (3.117) 


Assuming negligible contact resistances and identical, as well as constant, thermophysical 
properties in each of the two pellets (with the exception being S,, = —S,,), Equation C.7 may be 
used to write expressions for the heat conduction out of and into the semiconducting material 


k, Pp, Lb 
gx = L) = 2A,,| 56 (Ti — T) 4 ra (3.118a) 
_s.. k, Pp, L 
qx = -L) = 24,4) 5°, — T) a (3.118b) 


The factor of 2 outside the brackets accounts for heat transfer in both pellets and, as evi- 
dent, g(x = L) > qx = -L). 

Because of the Peltier effect, g; and gz are not equal to the heat transfer rates into and 
out of the pellets as expressed in Equations 3.118a,b. Incorporating Equation 3.116 in an 
energy balance for a control surface about the interface between the thin metallic conductor 
and the semiconductor material at x = —L yields 

qq = qx = -L) + gp, = Qe =—L) + IS,,T; (3.119) 


p-n 
Similarly at x = L, 


qr = Ux = L) — IS 


n-p 


Py = ge = L) + Spx To (3.120) 


Combining Equations 3.118b and 3.119 yields 
_ Ac sk Pp. sb 


qn 7 (7) +1541; -2 ; (3.121) 
Similarly, combining Equations 3.118a and 3.120 gives 
A, sks Pp. ae 
qa = L (Tj — Ty) FISpalg + 2 oa (3.122) 


From an overall energy balance on the thermoelectric device, the electric power produced 
by the Seebeck effect is 


P= -@ (3.123) 
Substituting Equations 3.121 and 3.122 into this expression yields 
tpt : 
Wi) ESI ASAT IG) a Fee Yoel tal ON cee a (3.124) 


A 


CS 


where R, tot = 2Ro 5. 

The voltage difference induced by the Seebeck effect is relatively small for a single pair of 
semiconducting pellets. To amplify the voltage difference, thermoelectric modules are fabri- 
cated, as shown schematically in Figure 3.24a where N >1 pairs of semiconducting pellets are 
wired in series. Thin layers of a dielectric material, usually a ceramic, sandwich the module to 
provide structural rigidity and electrical insulation from the surroundings. Assuming the 


3.8 mu Thermoelectric Power Generation 185 


Thin ceramic insulators Thin metallic conductors 


n=1 n=2 n=3 v n=N~ 1 wen I 
2 
Retoad 
(a) 
To 
Rycony1 
com) Sp-nettli ~ PR ett 

Le 
' 

AY a 


Thermoelectric 


t,cond,mod 
module 


2 
TSynett(T, — Ta) — 20 R, ort 


PR 


‘e,load 


Is, 


2 
y-netti2 + LR, otf 


Ri conv,2 
T...2 
(b) 
FIGURE 3.24 Thermoelectric module. (a) Cross-section of a module consist- 


ing of N semiconductor pairs. (b) Equivalent thermal circuit for a convectively 
heated and cooled module. 


thermal resistances of the thin ceramic layers are negligible, g,, g>, and the total module elec- 
tric power, Py, can be written by modifying Equations 3.121, 3.122, 3.124 as 


where S,,,er¢ = NSpn» and R. ec = NR, are the effective Seebeck coefficient and the total 
internal electrical resistance of the module while R,.onamoa = L/NA,k, is the conduction 
resistance associated with the module’s p-n semiconductor matrix. An equivalent thermal 
circuit for a convectively heated and cooled thermoelectric module is shown in Figure 3.24b. 
If heating or cooling were to be applied by radiation or conduction, the resistance network 


outside of the thermoelectric module portion of the circuit would be modified accordingly. 
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Returning to the single thermoelectric circuit of Figure 3.235, the efficiency is defined 
as Nr, = P/q,. From Equations 3.121 and 3.124, it can be seen that efficiency depends on 
the electrical current in a complex manner. However, the efficiency can be maximized by 
adjusting the current through changes in the load resistance. The resulting maximum effi- 
ciency is given as [18] 


Ls Tr — 

rme= (1 -f) V1+2Z7 -1 (3.128) 
/ VI+ZT+T/T, 

where T = (T; + T>)/2, S = S, = —S,,, and 


n? 


S2 
Lara (3.129) 
Press 


Since the efficiency increases with increasing ZT, ZT may be seen as a dimensionless 
figure of merit associated with thermoelectric generation [19]. As ZT, n7-— 
(1 — T,/T,) = (1 — T./T,) = nc where nis the Carnot efficiency. As discussed in Section 
1.3.2, the Carnot efficiency and, in turn, the thermoelectric efficiency cannot be determined 
until the appropriate hot and cold temperatures are calculated from a heat transfer analysis. 


Because ZT is defined in terms of interrelated electrical and thermal conductivities, 
extensive research is being conducted to tailor the properties of the semiconducting pellets, 
primarily by manipulating the nanostructure of the material so as to independently control 
phonon and electron motion and, in turn, the thermal and electrical conductivities of the mater- 
ial. Currently, ZT values of approximately unity at room temperature are readily achieved. 
Finally, we note that thermoelectric modules can be operated in reverse; supplying electric 
power to the module allows one to control the heat transfer rates to or from the outer ceramic 
surfaces. Such thermoelectric chillers or thermoelectric heaters are used in a wide variety of 
applications. A comprehensive discussion of one-dimensional, steady-state heat transfer model- 
ing associated with thermoelectric heating and cooling modules is available [20]. 


EXAMPLE 3.13 


An array of M = 48 thermoelectric modules is installed on the exhaust of a sports car. Each 
module has an effective Seebeck coefficient of S,,,,.¢ = 0.1435 V/K, and an internal electrical 
resistance of R, .¢ = 4 ©. In addition, each module is of width and length W = 54 mm and con- 
tains N = 100 pairs of semiconducting pellets. Each pellet has an overall length of 2L = 5mm 
and cross-sectional area A,, = 1.2 X 10°* m” and is characterized by a thermal conductivity of 
k, = 1.2 Wim-K. The hot side of each module is exposed to exhaust gases at T.,.; = 550°C with 
h, = 40 W/m?:K, while the opposite side of each module is cooled by pressurized water at 
T..9 = 105°C with h, = 500 W/m’: K. If the modules are wired in series, and the load resistance 
iS Rejoaa = 400 ©, what is the electric power harvested from the hot exhaust gases? 


Pressurized water 
T...9 = 105°C 
hy = 500 W/m2+K 


Exhaust gas | | || _ sai aul 
T..., = 550°C It ‘Zi 
h, = 40 W/m2eK a = + 
~ ~~ at wWw=54mm 
M = 48 thermoelectric modules \ J 


N= 100 pellet pairs 
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SOLUTION 


Known: Thermoelectric module properties and dimensions, number of semiconductor 
pairs in each module, and number of modules in the array. Temperature of exhaust gas and 
pressurized water, as well as convection coefficients at the hot and cold module surfaces. 
Modules are wired in series, and the electrical resistance of the load is known. 


Find: Power produced by the module array. 


Schematic: 
Pressurized water —~> 2L=5mm 
9, me 
Tag= 105°C __, ih, = 500 Wim2eK —4 fe W= 54 mm 
LI 


Exhaust gas —~> 
> 


Re toag = 400 


e,loa 


T., = 550°C —> 


Ee 
M = 48 Thermoelectric modules 


Presaulizen Wats! N= 100 semiconductor pairs per module 
T5=1059C: = 7 ee 


Assumptions: 

1. Steady-state conditions. 
. One-dimensional heat transfer. 
. Constant properties. 


. Negligible electrical and thermal contact resistances. 


nan bk WwW NY 


. Negligible radiation exchange and negligible heat transfer within the gas inside the 
modules. 


6. Negligible conduction resistance posed by the metallic contacts and ceramic insulators 
of the modules. 


Analysis: We begin by analyzing a single module. The conduction resistance of each 
module’s semiconductor array is 


Ee oe 2.5 X10 43m 


Ricondmod = = 1.736 K/W 
feondamed “NAc sks 100 X 1.2 X 1075 m? X 1.2 W/m+K 
From Equation 3.125, 
1 2 (1, — T)) 
= T, — T,) + IS T, — VR. = 
OE igs ey 
+ 1X 0.1435 VK XT,-P? X40 (1) 
while from Equation 3.126, 
_ 1 2p __.- 7) 
T,; — T,) + IS Ti+ LR. ¢ = SSS 
q2 ree (7 2) p-n,ett #2 eet ~ 1736 K/W 


+ 1X 0.1435 VK X7T,+ 7? X40 (2) 
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At the hot surface, Newton’s law of cooling may be written as 
gq, = h,W°(T.., — T;) = 40 W/m? K X (0.054 m)? X [(550 + 273) K — 7)] (3) 
whereas at the cool surface, 
Qo = hhW*(T, — T.2) = 500 Wim? + K X (0.054 m)” X [T, — (105 + 273)K] (4) 


Four equations have been written that include five unknowns, q), qo, T,, T>, and J. An addi- 
tional equation is obtained from the electrical circuit. With the modules wired in series, the 
total electric power produced by all M = 48 modules is equal to the electric power dissipated 
in the load resistance. Equation 3.127 yields 


Pro = MPy = MUSp-nett(T1 — T2) — 2PReertl = 4817 X 0.1435 W/K X (T,— T,) — 21? X40] (5) 


Since the electric power produced by the thermoelectric module is dissipated in the electri- 
cal load, it follows that 


PT Riagot * 4000 (6) 


Equations | through 6 may be solved simultaneously, yielding P,,. = 46.9 W. < 


Comments: 


1. Equations 1 through 5 can be readily written by inspecting the equivalent thermal cir- 
cuit of Figure 3.24b. 


2. The module surface temperatures are T, = 173°C and T, = 134°C, respectively. If 
these surface temperatures were specified in the problem statement, the electric power 
could be obtained directly from Equations 5 and 6. In any practical design of a thermo- 
electric generator, however, a heat transfer analysis must be conducted to determine 
the power generated. 


3. Power generation is very sensitive to the convection heat transfer resistances. For 
h, =h, >, P, = 5900 W. To reduce the thermal resistance between the module 
and fluid streams, finned heat sinks are often used to increase the temperature differ- 
ence across the modules and, in turn, increase their power output. Good thermal man- 
agement and design are crucial to maximizing the power generation. 


4. Harvesting the thermal energy contained in the exhaust with thermoelectrics can elimi- 
nate the need for an alternator, resulting in an increase in the net power produced by 
the engine, a reduction in the automobile’s weight, and an increase in gas mileage of 
up to 10%. 


5. Thermoelectric modules, operating in the heating mode, can be embedded in car seats 
and powered by thermoelectric exhaust harvesters, reducing energy costs associated with 
heating the entire passenger cabin. The seat modules can also be operated in the cooling 
mode, potentially eliminating the need for vapor compression air conditioning. Common 
refrigerants, such as R134a, are harmful greenhouse gases, and are emitted into the 
atmosphere by leakage through seals and connections, and by catastrophic leaks due to 
collisions. Replacing automobile vapor compression air conditioners with personalized 
thermoelectric seat coolers can eliminate the equivalent of 45 million metric tons of CO, 
released into the atmosphere every year in the United States alone. 
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2-9 Micro- and Nanoscale Conduction 


We conclude the discussion of one-dimensional, steady-state conduction by considering situ- 
ations for which the physical dimensions are on the order of, or smaller than, the mean free 
path of the energy carriers, leading to potentially important nano- or microscale effects. 


3.9.1 Conduction Through Thin Gas Layers 


Figure 3.25 shows instantaneous trajectories of gas molecules between two isothermal, solid 
surfaces separated by a distance L. As discussed in Section 1.2.1, even in the absence of bulk 
fluid motion individual molecules continually impinge on the two solid boundaries that are 
held at uniform surface temperatures T,, and T,,, respectively. The molecules also collide 
with each other, exchanging energy within the gaseous medium. When the thickness of the 
gas layer is large, L = L, (Figure 3.25a), a particular gas molecule will collide more fre- 
quently with other gas molecules than with either of the solid boundaries. Alternatively, for a 
very thin gas layer, L = L, < L, (Figure 3.25b), the probability of a molecule striking either 
of the solid boundaries is high relative to the likelihood of it colliding with another molecule. 

The energy content of a gas molecule is associated with its translational, rotational, and 
vibrational kinetic energies. It is this molecular-scale kinetic energy that ultimately defines 
the temperature of the gas, and collisions between individual molecules determine the 
value of the thermal conductivity, as discussed in Section 2.2.1. However, the manner in 
which a gas molecule is reflected or scattered from the solid walls also affects its level of 
kinetic energy and, in turn, its temperature. Hence, wall—molecule collisions can become 
important in determining the heat rate, g,, as L/A,,~, becomes small. 

The collision with and subsequent scattering of an individual gas molecule from a solid 
wall can be described by a thermal accommodation coefficient, a,, 


Tek: 

ie _ Zs 
where T; is the effective molecule temperature just prior to striking the solid surface, T,, is 
the temperature of the molecule immediately after it is scattered or reflected by the surface, 
and T, is the surface temperature. When the temperature of the scattered molecule is identi- 


cal to the wall temperature, a, = 1. Alternatively, if T,, = T;, the molecule’s kinetic energy 
and temperature are unaffected by a collision with the wall and a, = 0. 


(3.130) 


a; 


FicureE 3.25 Molecule trajectories in 
(a) a relatively thick gas layer and (b) a 


relatively thin gas layer. Molecules collide 
(a) (b) with each other, and with the two solid walls. 
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For one-dimensional conduction within an ideal gas contained between two surfaces 
held at temperatures 7,, and T,,<T7,,, the heat rate through the gas layer may be 
expressed as [21] 


In - T,> 


ali 
+ Rims) ae 


qd = 

(Cea 
where, at the molecular level, the thermal resistances are associated with molecule—mole- 
cule and molecule-surface collisions 


A 2- 9y-5 
eels eee ea || eae 
Ren—-m = and Ry, a | 7a | aa | (3.132a,b) 


In the preceding expression, y = c,/c, is the specific heat ratio of the ideal gas. The two 
solids are assumed to be the same material with equal values of a, and the temperature dif- 
ference is assumed to be small relative to the cold wall, (7,, -— T,.»)/T,. < 1. Equations 
3.132a,b may be combined to yield 


Ripe 3 _ A mfp 2 — a, oy _ 5 

Rigen a, y+1 
from which it is evident that R,,,,_, may be neglected if L/A,,;, is large and a, # 0. In this case, 
Equation 3.131 reduces to Equation 3.6. However, R,,,-, can be significant if L/A jn, is small. 
From Equation 2.11 the mean free path increases as the gas pressure is decreased. Hence, 
R.m—s increases with decreasing gas pressure, and the heat rate can be pressure dependent 
when L/A pf is small. Values of a, for specific gas and surface combinations range from 0.87 
to 0.97 for air—aluminum and air—steel, but can be less than 0.02 when helium interacts with 


clean metallic surfaces [21]. Equations 3.131, 3.132a,b may be applied to situations for which 
LX mfp = 9.1. For air at atmospheric pressure, this corresponds to L= 10 nm. 


3.9.2 Conduction Through Thin Solid Films 


One-dimensional conduction across or along thin solid films was discussed in Section 2.2.1 
in terms of the thermal conductivities k, and k,. The heat transfer rate across a thin solid 
film may be approximated by combining Equation 2.9a with Equation 3.5, yielding 


kA KL — Ammpp/BL)JA 

L (Ty — T, >) = L sil 
When L/A,,,, is large, Equation (3.133) reduces to Equation 3.4. Many alternative expres- 
sions for k, are available and are discussed in the literature [21]. 


Ix = T 9) (3.133) 


3-10 Summary 


Despite its inherent mathematical simplicity, one-dimensional, steady-state heat transfer 
occurs in numerous engineering applications. Although one-dimensional, steady-state condi- 
tions may not apply exactly, the assumptions may often be made to obtain results of reason- 
able accuracy. You should therefore be thoroughly familiar with the means by which such 
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problems are treated. In particular, you should be comfortable with the use of equivalent 
thermal circuits and with the expressions for the conduction resistances that pertain to each 
of the three common geometries. You should also be familiar with how the heat equation 
and Fourier’s law may be used to obtain temperature distributions and the corresponding 
fluxes. The implications of an internally distributed source of energy should also be clearly 
understood. In addition, you should appreciate the important role that extended surfaces can 
play in the design of thermal systems and should have the facility to effect design and per- 
formance calculations for such surfaces. Finally, you should understand how the preceding 
concepts can be applied to analyze heat transfer in the human body, thermoelectric power 
generation, and micro- and nanoscale conduction. 

You may test your understanding of this chapter’s key concepts by addressing the fol- 
lowing questions. 


¢ Under what conditions may it be said that the heat flux is a constant, independent of the 
direction of heat flow? For each of these conditions, use physical considerations to con- 
vince yourself that the heat flux would not be independent of direction if the condition 
were not satisfied. 

¢ For one-dimensional, steady-state conduction in a cylindrical or spherical shell without 
heat generation, is the radial heat flux independent of radius? Is the radial heat rate inde- 
pendent of radius? 

¢ For one-dimensional, steady-state conduction without heat generation, what is the shape 
of the temperature distribution in a plane wall? In a cylindrical shell? In a spherical shell? 

¢ What is the thermal resistance? How is it defined? What are its units? 

¢ For conduction across a plane wall, can you write the expression for the thermal resis- 
tance from memory? Similarly, can you write expressions for the thermal resistance 
associated with conduction across cylindrical and spherical shells? From memory, can 
you express the thermal resistances associated with convection from a surface and net 
radiation exchange between the surface and large surroundings? 

¢ What is the physical basis for existence of a critical insulation radius? How do the ther- 
mal conductivity and the convection coefficient affect its value? 

¢ How is the conduction resistance of a solid affected by its thermal conductivity? How is 
the convection resistance at a surface affected by the convection coefficient? How is the 
radiation resistance affected by the surface emissivity? 

e If heat is transferred from a surface by convection and radiation, how are the corre- 
sponding thermal resistances represented in a circuit? 

¢ Consider steady-state conduction through a plane wall separating fluids of different 
temperatures, 7,,; and T,,,, adjoining the inner and outer surfaces, respectively. If the 
convection coefficient at the outer surface is five times larger than that at the inner sur- 
face, h, = 5h;, what can you say about relative proximity of the corresponding surface 

temperatures, 7, , and T, ;, to their adjoining fluid temperatures? 

¢ Cana thermal conduction resistance be applied to a solid cylinder or sphere? 

¢ What is a contact resistance? How is it defined? What are its units for an interface of 
prescribed area? What are they for a unit area? 

¢ How is the contact resistance affected by the roughness of adjoining surfaces? 

¢ If the air in the contact region between two surfaces is replaced by helium, how is the 
thermal contact resistance affected? How is it affected if the region is evacuated? 

¢ What is the overall heat transfer coefficient? How is it defined, and how is it related to 
the total thermal resistance? What are its units? 

¢ In a solid circular cylinder experiencing uniform volumetric heating and convection 
heat transfer from its surface, how does the heat flux vary with radius? How does the 
heat rate vary with radius? 
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In a solid circular sphere experiencing uniform volumetric heating and convection heat 
transfer from its surface, how does the heat flux vary with radius? How does the 
heat rate vary with radius? 

Is it possible to achieve steady-state conditions in a solid cylinder or sphere that is expe- 
riencing heat generation and whose surface is perfectly insulated? Explain. 

Can a material experiencing heat generation be represented by a thermal resistance and 
included in a circuit analysis? If so, why? If not, why not? 

What is the physical mechanism associated with cooking in a microwave oven? How do 
conditions differ from a conventional (convection or radiant) oven? 

If radiation is incident on the surface of a semitransparent medium and is absorbed as it 
propagates through the medium, will the corresponding volumetric rate of heat genera- 
tion g be distributed uniformly in the medium? If not, how will g vary with distance 
from the surface? 

In what way is a plane wall that is of thickness 2L and experiences uniform volumetric 
heating and equivalent convection conditions at both surfaces similar to a plane wall 
that is of thickness L and experiences the same volumetric heating and convection con- 
ditions at one surface but whose opposite surface is well insulated? 

What purpose is served by attaching fins to a surface? 

In the derivation of the general form of the energy equation for an extended surface, 
why is the assumption of one-dimensional conduction an approximation? Under what 
conditions is it a good approximation? 

Consider a straight fin of uniform cross section (Figure 3.15a). For an x-location in the 
fin, sketch the temperature distribution in the transverse (y-) direction, placing the ori- 
gin of the coordinate at the midplane of the fin (—#/2 = y S #/2). What is the form of a 
surface energy balance applied at the location (x, 1/2)? 

What is the fin effectiveness? What is its range of possible values? Under what condi- 
tions are fins most effective? 

What is the fin efficiency? What is its range of possible values? Under what conditions 
will the efficiency be large? 

What is the fin resistance? What are its units? 

How are the effectiveness, efficiency, and thermal resistance of a fin affected if its ther- 
mal conductivity is increased? If the convection coefficient is increased? If the length of 
the fin is increased? If the thickness (or diameter) of the fin is increased? 

Heat is transferred from hot water flowing through a tube to air flowing over the tube. 
To enhance the rate of heat transfer, should fins be installed on the tube interior or exte- 
rior surface? 

A fin may be manufactured as an integral part of a surface by using a casting or extru- 
sion process, or it may be separately brazed or adhered to the surface. From thermal 
considerations, which option is preferred? 

Describe the physical origins of the two heat source terms in the bioheat equation. 
Under what conditions is the perfusion term a heat sink? 

How do heat sinks increase the electric power generated by a thermoelectric device? 
Under what conditions do thermal resistances associated with molecule—wall interac- 
tions become important? 


a Problems 
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Problems 


Hill, New York, 2007. 


Plane and Composite Walls 


3.1 Consider the plane wall of Figure 3.1, separating hot and 


3.2 


cold fluids at temperatures T,,, and T,,.., respectively. 
Using surface energy balances as boundary conditions at 
x = 0 and x = L (see Equation 2.34), obtain the tempera- 
ture distribution within the wall and the heat flux in 
terms of T., , Tx..2, Ny, ho, k, and L. 


A new building to be located in a cold climate is being 
designed with a basement that has an L = 200-mm-thick 
wall. Inner and outer basement wall temperatures are 
T, = 20°C and T, = 0°C, respectively. The architect can 
specify the wall material to be either aerated concrete 
block with k,, = 0.15 W/m: K, or stone mix concrete. To 
reduce the conduction heat flux through the stone mix 
wall to a level equivalent to that of the aerated concrete 
wall, what thickness of extruded polystyrene sheet must 
be applied onto the inner surface of the stone mix con- 


crete wall? Floor dimensions of the basement are 
20m X 30m, and the expected rental rate is $50/m7/ 
month. What is the yearly cost, in terms of lost rental 
income, if the stone mix concrete wall with polystyrene 
insulation is specified? 


3.3. The rear window of an automobile is defogged by pass- 


ing warm air over its inner surface. 


(a) If the warm air is at T,,; = 40°C and the correspond- 
ing convection coefficient is h; = 30 W/m’: K, what 
are the inner and outer surface temperatures of 
4-mm-thick window glass, if the outside ambient air 
temperature is T.,, = —10°C and the associated con- 
vection coefficient is h, = 65 W/m?:K? 


In practice T.,, and h, vary according to weather 
conditions and car speed. For values of h, = 2, 65, 
and 100 W/m*:K, compute and plot the inner and 
outer surface temperatures as a function of T,,,, for 
-30 = T,,,, = 0°C. 
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3.4 The rear window of an automobile is defogged by attach- 


ing a thin, transparent, film-type heating element to its 
inner surface. By electrically heating this element, a uni- 
form heat flux may be established at the inner surface. 


(a) For 4-mm-thick window glass, determine the electrical 
power required per unit window area to maintain an 
inner surface temperature of 15°C when the interior air 
temperature and convection coefficient are T,, ; = 25°C 
and h; = 10 W/m: K, while the exterior (ambient) air 
temperature and convection coefficient are T,,, = 
—10°C and h, = 65 W/m?:K. 


(b) |In practice T,,,, and h, vary according to weather 
conditions and car speed. For values of h, = 2, 20, 
65, and 100W/m?-K, determine and plot the 
electrical power requirement as a function of T.,.,, for 
—30 = T..,. = 0°C. From your results, what can you 
conclude about the need for heater operation at low 
values of h,? How is this conclusion affected by the 
value of T,,,? If h x V", where V is the vehicle speed 
and n is a positive exponent, how does the vehicle 
speed affect the need for heater operation? 


3.5 A dormitory at a large university, built 50 years ago, has 


exterior walls constructed of L, = 25-mm-thick sheath- 
ing with a thermal conductivity of k, = 0.1 W/m-K. To 
reduce heat losses in the winter, the university decides 
to encapsulate the entire dormitory by applying an 
L, = 25-mm-thick layer of extruded insulation charac- 
terized by k; = 0.029 W/m:K to the exterior of the 
original sheathing. The extruded insulation is, in turn, 
covered with an L, = 5-mm-thick architectural glass 
with k, = 1.4 W/m:K. Determine the heat flux through 
the original and retrofitted walls when the interior and 
exterior air temperatures are T7.,; = 22°C and T.,, = 
—20°C, respectively. The inner and outer convection heat 
transfer coefficients are h,=5W/m>:K and h,= 
25 W/m’: K, respectively. 


3.6 In a manufacturing process, a transparent film is being 


bonded to a substrate as shown in the sketch. To cure the 
bond at a temperature Tp, a radiant source is used to pro- 
vide a heat flux gj (W/m’), all of which is absorbed 
at the bonded surface. The back of the substrate is main- 
tained at T, while the free surface of the film is exposed to 
air at T,, and a convection heat transfer coefficient h. 


ri —_ 

Ir ” 

T., h — qo 

Y Ly= 0.25 mm 

Ly k= 0.025 WimK 

i L,= 1.0 mm 
Bond, Ty k, = 0.05 W/m-K 


3.7 


3.8 


3.9 
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(a) Show the thermal circuit representing the steady-state 
heat transfer situation. Be sure to label al/ elements, 
nodes, and heat rates. Leave in symbolic form. 


(b) Assume the following conditions: T,, = 20°C, h = 
50 W/m’: K, and T, = 30°C. Calculate the heat flux 
qo that is required to maintain the bonded surface at 
Ty = 60°C. 


(c) | Compute and plot the required heat flux as a function 


of the film thickness for 0 = L, = 1 mm. 


(d)|If the film is not transparent and all of the radiant 


heat flux is absorbed at its upper surface, determine 
the heat flux required to achieve bonding. Plot your 
results as a function of L,; for 0 = L; = 1 mm. 


The walls of a refrigerator are typically constructed by 
sandwiching a layer of insulation between sheet metal 
panels. Consider a wall made from fiberglass insulation 
of thermal conductivity k; = 0.046 W/m: K and thick- 
ness L; = 50 mm and steel panels, each of thermal con- 
ductivity k, = 60 W/m: K and thickness L, = 3 mm. If 
the wall separates refrigerated air at T.,; = 4°C from 
ambient air at T.., = 25°C, what is the heat gain per 
unit surface area? Coefficients associated with natural 
convection at the inner and outer surfaces may be 
approximated as h; = h, = 5 W/m?:K. 


A t= 10-mm-thick horizontal layer of water has a top 
surface temperature of 7, = —4°C and a bottom surface 
temperature of 7, = 2°C. Determine the location of the 
solid—liquid interface at steady state. 


A technique for measuring convection heat transfer 
coefficients involves bonding one surface of a thin 
metallic foil to an insulating material and exposing the 
other surface to the fluid flow conditions of interest. 


"J Foil (Pujecs T,) 


*—— Foam Insulation (k) 


Typ, 


By passing an electric current through the foil, heat is 
dissipated uniformly within the foil and the correspond- 
ing flux, P’,.., may be inferred from related voltage and 
current measurements. If the insulation thickness L and 
thermal conductivity k are known and the fluid, foil, 
and insulation temperatures (T7.,, T,, T,) are measured, 
the convection coefficient may be determined. Consider 
conditions for which T,, = T, = 25°C, P%.. = 2000 
W/m’, L = 10 mm, and k = 0.040 W/m: K. 


a Problems 


(a) With water flow over the surface, the foil tempera- 
ture measurement yields T, = 27°C. Determine the 
convection coefficient. What error would be 
incurred by assuming all of the dissipated power to 
be transferred to the water by convection? 


(b) If, instead, air flows over the surface and the tempera- 
ture measurement yields T, = 125°C, what is the con- 
vection coefficient? The foil has an emissivity of 0.15 
and is exposed to large surroundings at 25°C. What 
error would be incurred by assuming all of the dissi- 


pated power to be transferred to the air by convection? 


[© | Typically, heat flux gages are operated at a fixed 
temperature (7,), in which case the power dissipa- 
tion provides a direct measure of the convection 
coefficient. For T, = 27°C, plot P%.. as a function 
of h, for 10 <h, <= 1000 W/m?-K. What effect 
does h, have on the error associated with neglecting 
conduction through the insulation? 


3.10 The wind chill, which is experienced on a cold, windy 


day, is related to increased heat transfer from exposed 
human skin to the surrounding atmosphere. Consider a 
layer of fatty tissue that is 3 mm thick and whose inte- 
rior surface is maintained at a temperature of 36°C. On 
a calm day the convection heat transfer coefficient at 
the outer surface is 25 W/m*-K, but with 30 km/h 
winds it reaches 65 W/m? K. In both cases the ambient 
air temperature is — 15°C. 
(a) What is the ratio of the heat loss per unit area from 
the skin for the calm day to that for the windy day? 
(b) What will be the skin outer surface temperature for 
the calm day? For the windy day? 
(c) What temperature would the air have to assume on 


the calm day to produce the same heat loss occurring 
with the air temperature at — 15°C on the windy day? 


3.11 Determine the thermal conductivity of the carbon nan- 


otube of Example 3.4 when the heating island tempera- 
ture is measured to be 7;, = 332.6 K, without evaluating 
the thermal resistances of the supports. The conditions 
are the same as in the example. 


3.12 A thermopane window consists of two pieces of glass 


7mm thick that enclose an air space 7 mm thick. The 
window separates room air at 20°C from outside ambi- 
ent air at —10°C. The convection coefficient associated 
with the inner (room-side) surface is 10 W/m?:K. 


(a) If the convection coefficient associated with the 
outer (ambient) air is h, = 80 W/m?-K, what is 
the heat loss through a window that is 0.8 m long 
by 0.5 m wide? Neglect radiation, and assume the 
air enclosed between the panes to be stagnant. 


(b) |Compute and plot the effect of , on the heat loss for 


10 <h, = 100 W/m’: K. Repeat this calculation for a 


3.13 


Plaster board, k, a 


3.14 


3.15 


195 


triple-pane construction in which a third pane and a 
second air space of equivalent thickness are added. 


A house has a composite wall of wood, fiberglass insula- 
tion, and plaster board, as indicated in the sketch. On a 
cold winter day, the convection heat transfer coefficients 
are h, = 60 W/m?:K and h; = 30 W/m’:K. The total 
wall surface area is 350 m’. 


Glass fiber blanket 
(28 kg/m), k, 


— Plywood siding, k, 


Outside 


, Too, 5 = -15°C 


in 


(a) Determine a symbolic expression for the total thermal 
resistance of the wall, including inside and outside 
convection effects for the prescribed conditions. 


(b) Determine the total heat loss through the wall. 


(c) If the wind were blowing violently, raising h, to 
300 W/m? - K, determine the percentage increase in 
the heat loss. 


(d) What is the controlling resistance that determines the 
amount of heat flow through the wall? 


Consider the composite wall of Problem 3.13 under con- 
ditions for which the inside air is still characterized by 
Two, = 20°C and h; = 30 W/m?-K. However, use the 
more realistic conditions for which the outside air is 
characterized by a diurnal (time) varying temperature of 
the form 


To(K) = 273 + 5 sin (22 ) O0<r<12h 


_ | Qa 
usin (21) 


with h, = 60 W/m*?:K. Assuming quasi-steady condi- 
tions for which changes in energy storage within the wall 
may be neglected, estimate the daily heat loss through 
the wall if its total surface area is 200 m?. 


T(K) = 273 12<1<24h 


Consider a composite wall that includes an 8-mm-thick 
hardwood siding, 40-mm by 130-mm hardwood studs 
on 0.65-m centers with glass fiber insulation (paper 
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faced, 28 kg/m*), and a 12-mm layer of gypsum (vermi- 
culite) wall board. 


-———— Wood siding 


Stud 


<> Insulation 


3.16 


3.17 


3.18 


Wall board 


40 mm —>| — 


What is the thermal resistance associated with a wall 
that is 2.5 m high by 6.5 m wide (having 10 studs, each 
2.5m high)? Assume surfaces normal to the x-direction 
are isothermal. 


Work Problem 3.15 assuming surfaces parallel to the 
x-direction are adiabatic. 


Consider the oven of Problem 1.54. The walls of the 
oven consist of L = 30-mm-thick layers of insulation 
characterized by k,,, = 0.03 W/m-K that are sand- 
wiched between two thin layers of sheet metal. The 
exterior surface of the oven is exposed to air at 23°C 
with hex, = 2W/m*:K. The interior oven air tempera- 
ture is 180°C. Neglecting radiation heat transfer, deter- 
mine the steady-state heat flux through the oven walls 
when the convection mode is disabled and the free con- 
vection coefficient at the inner oven surface is 
hs, = 3 W/m?-K. Determine the heat flux through the 
oven walls when the convection mode is activated, in 
which case the forced convection coefficient at the 
inner oven surface is h;, = 27 W/m*:K. Does operation 
of the oven in its convection mode result in signifi- 
cantly increased heat losses from the oven to the 
kitchen? Would your conclusion change if radiation 
were included in your analysis? 


The composite wall of an oven consists of three materi- 
als, two of which are of known thermal conductivity, 
kx =20 W/m:K and ke = 50 W/m:K, and known 
thickness, Ly = 0.30 m and Le = 0.15m. The third 
material, B, which is sandwiched between materials 
A and C, is of known thickness, Lz = 0.15 m, but 
unknown thermal conductivity kp. 


T, T k Te 

B 

Air 
Ug 


co 


) Bem aaa Pans a 
‘A B ‘C 


Under steady-state operating conditions, measurements 
reveal an outer surface temperature of T,,, = 20°C, an 
inner surface temperature of T,; = 600°C, and an oven 
air temperature of T,, = 800°C. The inside convection 
coefficient h is known to be 25 W/m?:K. What is the 
value of ky? 
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The wall of a drying oven is constructed by sandwich- 
ing an insulation material of thermal conductivity k = 
0.05 W/m: K between thin metal sheets. The oven air is at 
T.; = 300°C, and the corresponding convection coeffi- 
cient is h; = 30 W/m’: K. The inner wall surface absorbs 
a radiant flux of q’,g = 100 W/m? from hotter objects 
within the oven. The room air is at T,,,, = 25°C, and the 
overall coefficient for convection and radiation from 
the outer surface is h, = 10 W/m?:K. 


Absorbed Insulation, k 
radiation, ¢/44 wm, ; 
f I; 
r Room air 
7 7 To0,91 Ng 
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(a) Draw the thermal circuit for the wall and label all 
temperatures, heat rates, and thermal resistances. 


(b) What insulation thickness L is required to maintain 
the outer wall surface at a safe-to-touch tempera- 
ture of T, = 40°C? 


The ¢ = 4-mm-thick glass windows of an automobile 
have a surface area of A = 2.6 m’. The outside temper- 
ature is T,,,, = 32°C while the passenger compartment 
is maintained at T,,; = 22°C. The convection heat 
transfer coefficient on the exterior window surface is 
h, = 90 W/m? K. Determine the heat gain through the 
windows when the interior convection heat transfer 
coefficient is h; = 15 W/m*:K. By controlling the air- 
flow in the passenger compartment the interior heat 
transfer coefficient can be reduced to h; = 5 W/m?:K 
without sacrificing passenger comfort. Determine the 
heat gain through the window for the reduced inside heat 
transfer coefficient. 


The thermal characteristics of a small, dormitory refrig- 
erator are determined by performing two separate 
experiments, each with the door closed and the refriger- 
ator placed in ambient air at T,, = 25°C. In one case, an 
electric heater is suspended in the refrigerator cavity, 
while the refrigerator is unplugged. With the heater dis- 
sipating 20 W, a steady-state temperature of 90°C is 
recorded within the cavity. With the heater removed 
and the refrigerator now in operation, the second exper- 
iment involves maintaining a steady-state cavity tem- 
perature of 5°C for a fixed time interval and recording 
the electrical energy required to operate the refrigera- 
tor. In such an experiment for which steady operation is 
maintained over a 12-hour period, the input electrical 
energy is 125,000 J. Determine the refrigerator’s coeffi- 
cient of performance (COP). 


In the design of buildings, energy conservation require- 
ments dictate that the exterior surface area, A,, be mini- 
mized. This requirement implies that, for a desired floor 
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a Problems 


space, there may be optimum values associated with 
the number of floors and horizontal dimensions of the 
building. Consider a design for which the total floor 
space, A,, and the vertical distance between floors, Hy, 
are prescribed. 


(a) If the building has a square cross section of width W 
on a side, obtain an expression for the value of W 
that would minimize heat loss to the surroundings. 
Heat loss may be assumed to occur from the four 
vertical side walls and from a flat roof. Express your 
result in terms of A; and Hy. 


(b) If A; = 32,768 m’ and H, = 4m, for what values of 
W and N, (the number of floors) is the heat loss 
minimized? If the average overall heat transfer 
coefficient is U = 1 W/m?:K and the difference 
between the inside and ambient air temperatures is 
25°C, what is the corresponding heat loss? What 
is the percentage reduction in heat loss compared 
with a building for N; = 2? 


When raised to very high temperatures, many conven- 
tional liquid fuels dissociate into hydrogen and other 
components. Thus the advantage of a solid oxide fuel 
cell is that such a device can internally reform readily 
available liquid fuels into hydrogen that can then be 
used to produce electrical power in a manner similar to 
Example 1.5. Consider a portable solid oxide fuel cell, 
operating at a temperature of 7;, = 800°C. The fuel cell 
is housed within a cylindrical canister of diameter D = 
75mm and length L = 120mm. The outer surface of 
the canister is insulated with a low-thermal-conductivity 
material. For a particular application, it is desired that 
the thermal signature of the canister be small, to avoid 
its detection by infrared sensors. The degree to which 
the canister can be detected with an infrared sensor may 
be estimated by equating the radiation heat flux emitted 
from the exterior surface of the canister (Equation 1.5; 
E, = e,oT*) to the heat flux emitted from an equivalent 
black surface, (E, = oT}). If the equivalent black sur- 
face temperature 7, is near the surroundings tempera- 
ture, the thermal signature of the canister is too small to 
be detected—the canister is indistinguishable from the 
surroundings. 


(a) Determine the required thickness of insulation to be 
applied to the cylindrical wall of the canister to 
ensure that the canister does not become highly visi- 
ble to an infrared sensor (i.e., T, — Ty, <5 K). 
Consider cases where (i) the outer surface is cov- 
ered with a very thin layer of dirt (e, = 0.90) and 
(11) the outer surface is comprised of a very thin 
polished aluminum sheet (¢, = 0.08). Calculate the 
required thicknesses for two types of insulating 
material, calcium silicate (k = 0.09 W/m-K) and 
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aerogel (k = 0.006 W/m-K). The temperatures of 
the surroundings and the ambient are T,,, = 300 K 
and T,, = 298 K, respectively. The outer surface is 
characterized by a convective heat transfer coeffi- 
cient of h = 12 W/m’:K. 


Calculate the outer surface temperature of the can- 
ister for the four cases (high and low thermal con- 
ductivity; high and low surface emissivity). 


(b 


SS 


(c) Calculate the heat loss from the cylindrical walls of 
the canister for the four cases. 


3.24 A firefighter’s protective clothing, referred to as a turnout 


coat, is typically constructed as an ensemble of three lay- 
ers separated by air gaps, as shown schematically. 


Moisture 
barrier (mb) 


Thermal 
liner (tl) 


I gap Ft gap 


Representative dimensions and thermal conductivities 
for the layers are as follows. 


Layer Thickness (mm) k (W/m- K) 
Shell (s) 0.8 0.047 
Moisture barrier (mb) 0.55 0.012 
Thermal liner (tl) 35 0.038 


The air gaps between the layers are 1 mm thick, 
and heat is transferred by conduction and radiation 
exchange through the stagnant air. The linearized 
radiation coefficient for a gap may be approximated 
as, Nag = O(T; + ToT + 73) ~40Tj.,, where Ty,» 
represents the average temperature of the surfaces 
comprising the gap, and the radiation flux across the 

gap may be expressed as /.q = Mjyg (T, — T)- 

(a) Represent the turnout coat by a thermal circuit, 
labeling all the thermal resistances. Calculate and 
tabulate the thermal resistances per unit area (m?- 
K/W) for each of the layers, as well as for the con- 
duction and radiation processes in the gaps. Assume 
that a value of T,,, = 470 K may be used to approx- 
imate the radiation resistance of both gaps. Com- 
ment on the relative magnitudes of the resistances. 


(b) For a pre-flash-over fire environment in which fire- 
fighters often work, the typical radiant heat flux 
on the fire-side of the turnout coat is 0.25 W/cm’. 


Chapter 3. = One-Dimensional, Steady-State Conduction 


What is the outer surface temperature of the turnout 
coat if the inner surface temperature is 66°C, a con- 
dition that would result in burn injury? 


3.25 A particular thermal system involves three objects of 


fixed shape with conduction resistances of R,; = 1 K/W, 
R, = 2 K/W and R; = 4K/W, respectively. An objec- 
tive is to minimize the total thermal resistance R,,, asso- 
ciated with a combination of R,, Rj, and R;. The chief 
engineer is willing to invest limited funds to specify an 
alternative material for just one of the three objects; 
the alternative material will have a thermal conductiv- 
ity that is twice its nominal value. Which object (1, 2, 
or 3) should be fabricated of the higher thermal con- 
ductivity material to most significantly decrease R,,,? 
Hint: Consider two cases, one for which the three ther- 
mal resistances are arranged in series, and the second 
for which the three resistances are arranged in parallel. 


Contact Resistance 


3.26 A composite wall separates combustion gases at 


2600°C from a liquid coolant at 100°C, with gas- and 
liquid-side convection coefficients of 50 and 1000 
W/m? K. The wall is composed of a 10-mm-thick layer 
of beryllium oxide on the gas side and a 20-mm-thick 
slab of stainless steel (AISI 304) on the liquid side. The 
contact resistance between the oxide and the steel is 
0.05 m?:K/W. What is the heat loss per unit surface 
area of the composite? Sketch the temperature distribu- 
tion from the gas to the liquid. 


Approximately 10° discrete electrical components can 
be placed on a single integrated circuit (chip), with 
electrical heat dissipation as high as 30,000 W/m”. The 
chip, which is very thin, is exposed to a dielectric liq- 
uid at its outer surface, with h, = 1000 W/m*:K and 
Toy = 20°C, and is joined to a circuit board at its inner 
surface. The thermal contact resistance between the 
chip and the board is 10~* m?-K/W, and the board 
thickness and thermal conductivity are L, = 5 mm and 
k, = 1 W/m:K, respectively. The other surface of the 
board is exposed to ambient air for which h; = 40 
W/m?:K and T.,,; = 20°C. 


Coolant 
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(a) Sketch the equivalent thermal circuit corresponding 
to steady-state conditions. In variable form, label 
appropriate resistances, temperatures, and heat fluxes. 

(b) Under steady-state conditions for which the chip 
heat dissipation is g” = 30,000 W/m, what is the 
chip temperature? 


(c) 


The maximum allowable heat flux, g/,,, is deter- 


mined by the constraint that the chip temperature 
must not exceed 85°C. Determine g/,, for the fore- 
going conditions. If air is used in lieu of the dielec- 
tric liquid, the convection coefficient is reduced by 
approximately an order of magnitude. What is the 
value of q”,, for h, = 100 W/m?:K? With air cool- 
ing, can significant improvements be realized by 
using an aluminum oxide circuit board and/or 
by using a conductive paste at the chip/board inter- 
face for which R”’, = 10° m?+K/W? 


3.28 Two stainless steel plates 10 mm thick are subjected to a 


3.29 


3.30 


contact pressure of 1 bar under vacuum conditions for 
which there is an overall temperature drop of 100°C 
across the plates. What is the heat flux through the plates? 
What is the temperature drop across the contact plane? 


Consider a plane composite wall that is composed of 
two materials of thermal conductivities k, = 0.1 W/m:K 
and kg = 0.04 W/m: K and thicknesses L, = 10 mm and 
Lz = 20mm. The contact resistance at the interface 
between the two materials is known to be 0.30 m?-K/W. 
Material A adjoins a fluid at 200°C for which h = 10 
W/m’:K, and material B adjoins a fluid at 40°C for 
which h = 20 W/m?:K. 


(a) What is the rate of heat transfer through a wall that 
is 2m high by 2.5 m wide? 


(b) Sketch the temperature distribution. 


The performance of gas turbine engines may be 
improved by increasing the tolerance of the turbine 
blades to hot gases emerging from the combustor. One 
approach to achieving high operating temperatures 
involves application of a thermal barrier coating 
(TBC) to the exterior surface of a blade, while passing 
cooling air through the blade. Typically, the blade is 
made from a high-temperature superalloy, such as 
Inconel (k ~ 25 W/m:K), while a ceramic, such as 
zirconia (k ~ 1.3 W/m:K), is used as a TBC. 


Superalloy 


Cooling air 
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Consider conditions for which hot gases at T.,, = 
1700 K and cooling air at T..; = 400 K provide outer 
and inner surface convection coefficients of h, = 
1000 W/m? K and h; = 500 W/m? « K, respectively. If a 
0.5-mm-thick zirconia TBC is attached to a 5-mm- 
thick Inconel blade wall by means of a metallic bond- 
ing agent, which provides an interfacial thermal resis- 
tance of R/. = 10°-* m*: K/W, can the Inconel be main- 
tained at a temperature that is below its maximum 
allowable value of 1250 K? Radiation effects may be 
neglected, and the turbine blade may be approximated 
as a plane wall. Plot the temperature distribution with 
and without the TBC. Are there any limits to the thick- 
ness of the TBC? 


A commercial grade cubical freezer, 3m on a side, 
has a composite wall consisting of an exterior sheet 
of 6.35-mm-thick plain carbon steel, an intermediate 
layer of 100-mm-thick cork insulation, and an inner 
sheet of 6.35-mm-thick aluminum alloy (2024). 
Adhesive interfaces between the insulation and the 
metallic strips are each characterized by a thermal con- 
tact resistance of R= 2.5 X 10°-* m?- K/W. What is 
the steady-state cooling load that must be maintained 
by the refrigerator under conditions for which the outer 
and inner surface temperatures are 22°C and —6°C, 
respectively? 


Physicists have determined the theoretical value of the 
thermal conductivity of a carbon nanotube to be k,, 7 = 
5000 W/m: K. 


(a) Assuming the actual thermal conductivity of the 
carbon nanotube is the same as its theoretical value, 
find the thermal contact resistance, R,,, that exists 
between the carbon nanotube and the top surfaces 
of the heated and sensing islands in Example 3.4 . 


Using the value of the thermal contact resistance 
calculated in part (a), plot the fraction of the total 
resistance between the heated and sensing islands 
that is due to the thermal contact resistances for 
island separation distances of 5 wm = 5 = 20 wm. 


Consider a power transistor encapsulated in an alu- 
minum case that is attached at its base to a square 
aluminum plate of thermal conductivity k = 240 W/m: K, 
thickness L = 6 mm, and width W = 20 mm. The case 
is joined to the plate by screws that maintain a contact 
pressure of 1 bar, and the back surface of the plate 
transfers heat by natural convection and radiation to 
ambient air and large surroundings at T,., = T,,, = 
25°C. The surface has an emissivity of ¢ = 0.9, and the 
convection coefficient is h = 4 W/m*:K. The case is 
completely enclosed such that heat transfer may be 
assumed to occur exclusively through the base plate. 
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(a) If the air-filled aluminum-to-aluminum interface 
is characterized by an area of A, = 2 X 10~* m? and 
a roughness of 10 wm, what is the maximum allow- 
able power dissipation if the surface temperature of 


the case, 7... is not to exceed 85°C? 


5,0? 


|(b) |The convection coefficient may be increased by 


subjecting the plate surface to a forced flow of air. 
Explore the effect of increasing the coefficient over 
the range 4 <= h <= 200 W/m’: K. 


Porous Media 


3.34 


3.35 


Ring-porous woods, such as oak, are characterized by 
grains. The dark grains consist of very low-density 
material that forms early in the springtime. The sur- 
rounding lighter-colored wood is composed of high- 
density material that forms slowly throughout most of 
the growing season. 


Wood grain (low-density) 


Ww 


High-density material 


Assuming the low-density material is highly porous and 
the oak is dry, determine the fraction of the oak cross- 
section that appears as being grained. Hint: Assume the 
thermal conductivity parallel to the grains is the same 
as the radial conductivity of Table A.3. 


A batt of glass fiber insulation is of density p = 
28 kg/m*. Determine the maximum and minimum pos- 
sible values of the effective thermal conductivity of the 
insulation at T = 300K, and compare with the value 
reported in Table A.3. 
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Air usually constitutes up to half of the volume of 
commercial ice creams and takes the form of small 
spherical bubbles interspersed within a matrix of frozen 
matter. The thermal conductivity of ice cream that con- 
tains no air is k,, = 1.1 W/m-K at T = —20°C. Deter- 
mine the thermal conductivity of commercial ice cream 
characterized by ¢ = 0.20, also at T = —20°C. 


Determine the density, specific heat, and thermal con- 
ductivity of a lightweight aggregate concrete that is 
composed of 65% stone mix concrete and 35% air by 
volume. Evaluate properties at T = 300 K. 


A one-dimensional plane wall of thickness L is con- 
structed of a solid material with a linear, nonuniform 
porosity distribution described by e&(x) = &,,,(x/L). 
Plot the steady-state temperature distribution, T(x), for 
k,=10W/m:K, k-=0.1W/m-K, L= 1m, pax = 
0.25, T(x = 0) = 30°C and g’ = 100 W/m? using the 
expression for the minimum effective thermal conduc- 
tivity of a porous medium, the expression for the maxi- 
mum effective thermal conductivity of a porous 
medium, Maxwell’s expression, and for the case where 
Kep(X) = ky. 


Alternative Conduction Analysis 
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The diagram shows a conical section fabricated 
from pure aluminum. It is of circular cross section 
having diameter D = ax'”, where a = 0.5 m'”. The 
small end is located at x, = 25 mm and the large end 
at x, = 125mm. The end temperatures are T, = 
600 K and T, = 400K, while the lateral surface is 
well insulated. 


(a) Derive an expression for the temperature distribution 
T(x) in symbolic form, assuming one-dimensional 
conditions. Sketch the temperature distribution. 


(b) Calculate the heat rate g,. 


A truncated solid cone is of circular cross section, and 
its diameter is related to the axial coordinate by an 
expression of the form D = ax*”, where a = 1.0 m7". 
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The sides are well insulated, while the top surface 
of the cone at x, is maintained at 7, and the bottom sur- 
face at x, is maintained at T,. 


(a) Obtain an expression for the temperature distribution 
T(x). 


(b) What is the rate of heat transfer across the cone if it 
is constructed of pure aluminum with x, = 0.075 m, 
T, = 100°C, x. = 0.225 m, and T, = 20°C? 


From Figure 2.5 it is evident that, over a wide tempera- 
ture range, the temperature dependence of the thermal 
conductivity of many solids may be approximated by a 
linear expression of the form k = k, + aT, where k, is 
a positive constant and a is a coefficient that may be 
positive or negative. Obtain an expression for the heat 
flux across a plane wall whose inner and outer surfaces 
are maintained at 7) and 7, respectively. Sketch the 
forms of the temperature distribution corresponding to 
a>0,a=0,anda <0. 


Consider a tube wall of inner and outer radii 7; and r,, 
whose temperatures are maintained at T; and T,, respec- 
tively. The thermal conductivity of the cylinder is tem- 
perature dependent and may be represented by an 
expression of the form k = k,(1 + aT), where k, and a 
are constants. Obtain an expression for the heat transfer 
per unit length of the tube. What is the thermal resis- 
tance of the tube wall? 


Measurements show that steady-state conduction 
through a plane wall without heat generation produced 
a convex temperature distribution such that the mid- 
point temperature was AT, higher than expected for a 
linear temperature distribution. 


a Problems 


Assuming that the thermal conductivity has a linear 
dependence on temperature, k = k,(1 + aT), where a is 
a constant, develop a relationship to evaluate a in terms 


of AT,, T,, and T. 


3.44 A device used to measure the surface temperature of an 
object to within a spatial resolution of approximately 
50 nm is shown in the schematic. It consists of an 
extremely sharp-tipped stylus and an extremely small 
cantilever that is scanned across the surface. The probe 
tip is of circular cross section and is fabricated of poly- 
crystalline silicon dioxide. The ambient temperature is 
measured at the pivoted end of the cantilever as T,, = 
25°C, and the device is equipped with a sensor to mea- 
sure the temperature at the upper end of the sharp tip, 
Teen. The thermal resistance between the sensing probe 
and the pivoted end is R, = 5 X 10° K/W. 


(a) Determine the thermal resistance between the sur- 
face temperature and the sensing temperature. 


(b) If the sensing temperature is T,,,, = 28.5°C, deter- 


sen 
mine the surface temperature. 
Hint: Although nanoscale heat transfer effects may be 
important, assume that the conduction occurring in the air 
adjacent to the probe tip can be described by Fourier’s 
law and the thermal conductivity found in Table A.4. 


Y oe Cantilever Too = 25°C 


Surface 


Cylindrical Wall 


3.45 A steam pipe of 0.12-m outside diameter is insulated 
with a layer of calcium silicate. 


(a) If the insulation is 20 mm thick and its inner and 
outer surfaces are maintained at T,, = 800K 
and T,, = 490 K, respectively, what is the heat loss 
per unit length (q’) of the pipe? 


(b) | We wish to explore the effect of insulation thickness 
on the heat loss q’ and outer surface temperature T, », 
with the inner surface temperature fixed at T,, = 
800 K. The outer surface is exposed to an airflow 


201 


(T.. = 25°C) that maintains a convection coefficient 
of h = 25 W/m*:K and to large surroundings for 
which T,,, = T,. = 25°C. The surface emissivity of 
calcium silicate is approximately 0.8. Compute and 
plot the temperature distribution in the insulation as 
a function of the dimensionless radial coordinate, 
(yr — 17,)(r, — 7), where r; = 0.06m and ry is a 
variable (0.06 <7, = 0.20 m). Compute and plot 
the heat loss as a function of the insulation thickness 
for0 = (r, — r,) = 0.14 m. 


3.46 Consider the water heater described in Problem 1.48. 
We now wish to determine the energy needed to com- 
pensate for heat losses incurred while the water is 
stored at the prescribed temperature of 55°C. The 
cylindrical storage tank (with flat ends) has a capacity 
of 100 gal, and foamed urethane is used to insulate 
the side and end walls from ambient air at an annual 
average temperature of 20°C. The resistance to heat 
transfer is dominated by conduction in the insulation 
and by free convection in the air, for which h ~ 2 
W/m’: K. If electric resistance heating is used to com- 
pensate for the losses and the cost of electric power is 
$0.18/kWh, specify tank and insulation dimensions for 
which the annual cost associated with the heat losses is 
less than $50. 


3.47 To maximize production and minimize pumping costs, 
crude oil is heated to reduce its viscosity during trans- 
portation from a production field. 


(a) Consider a pipe-in-pipe configuration consisting of 
concentric steel tubes with an intervening insulating 
material. The inner tube is used to transport warm 
crude oil through cold ocean water. The inner steel 
pipe (k, = 35 W/m-K) has an inside diameter of 
D,, = 150mm and wall thickness ¢, = 10 mm while 
the outer steel pipe has an inside diameter of 
D,2 = 250mm and wall thickness t, = ¢. Determine 
the maximum allowable crude oil temperature to 
ensure the polyurethane foam insulation (k, 
0.075 W/m-K) between the two pipes does not 
exceed its maximum service temperature of T) imax = 

70°C. The ocean water is at T.,,, = —5°C and provides 

an external convection heat transfer coefficient of 

h, = 500 W/m? - K. The convection coefficient asso- 

ciated with the flowing crude oil is h; = 450 W/m: K. 


(b) It is proposed to enhance the performance of the 
pipe-in-pipe device by replacing a thin (f, = 5 mm) 
section of polyurethane located at the outside of the 
inner pipe with an aerogel insulation material 
(k, = 0.012 W/m:K). Determine the maximum 
allowable crude oil temperature to ensure maximum 


polyurethane temperatures are below T,, max = 70°C. 
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3.49 
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A thin electrical heater is wrapped around the outer sur- 
face of a long cylindrical tube whose inner surface is 
maintained at a temperature of 5°C. The tube wall has 
inner and outer radii of 25 and 75 mm, respectively, and 
a thermal conductivity of 10 W/m: K. The thermal con- 
tact resistance between the heater and the outer surface 
of the tube (per unit length of the tube) is R/. = 
0.01 m-K/W. The outer surface of the heater is exposed 
to a fluid with T,, = —10°C and a convection coefficient 
of h= 100W/m?:K. Determine the heater power 
per unit length of tube required to maintain the heater at 
T, = 25°C. 


In Problem 3.48, the electrical power required to main- 
tain the heater at T, = 25°C depends on the thermal 
conductivity of the wall material k, the thermal contact 
resistance R;. and the convection coefficient h. Com- 
pute and plot the separate effect of changes in k 
(1 =k=200W/m:K), R;. (0 = R/. = 0.1 m:K/W), 
and h (10 =h = 1000 W/m’-K) on the total heater 
power requirement, as well as the rate of heat transfer 
to the inner surface of the tube and to the fluid. 


A stainless steel (AISI 304) tube used to transport 
a chilled pharmaceutical has an inner diameter 
of 36 mm and a wall thickness of 2 mm. The pharma- 
ceutical and ambient air are at temperatures of 6°C and 
23°C, respectively, while the corresponding inner 
and outer convection coefficients are 400 W/m?:K and 
6 W/m’: K, respectively. 


(a) What is the heat gain per unit tube length? 


(b) What is the heat gain per unit length if a 10-mm- 
thick layer of calcium silicate insulation (kj, = 
0.050 W/m: K) is applied to the tube? 


Superheated steam at 575°C is routed from a boiler to 
the turbine of an electric power plant through steel tubes 
(k = 35 W/m-K) of 300-mm inner diameter and 30-mm 
wall thickness. To reduce heat loss to the surroundings and 
to maintain a safe-to-touch outer surface temperature, a 
layer of calcium silicate insulation (k = 0.10 W/m: K) is 
applied to the tubes, while degradation of the insulation 
is reduced by wrapping it in a thin sheet of aluminum 
having an emissivity of ¢€ = 0.20. The air and wall 
temperatures of the power plant are 27°C. 


(a) Assuming that the inner surface temperature of 
a steel tube corresponds to that of the steam and 
the convection coefficient outside the aluminum 
sheet is 6 W/m?-K, what is the minimum insulation 
thickness needed to ensure that the temperature 
of the aluminum does not exceed 50°C? What is 
the corresponding heat loss per meter of tube 
length? 
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Explore the effect of the insulation thickness on the 


temperature of the aluminum and the heat loss per 
unit tube length. 


A thin electrical heater is inserted between a long circu- 
lar rod and a concentric tube with inner and outer radii of 
20 and 40 mm. The rod (A) has a thermal conductivity 
of k, = 0.15 W/m:K, while the tube (B) has a thermal 
conductivity of kg = 1.5 W/m-K and its outer surface 
is subjected to convection with a fluid of temperature 
T.. = —15°C and heat transfer coefficient 50 W/m? K. 
The thermal contact resistance between the cylinder 
surfaces and the heater is negligible. 


(a) Determine the electrical power per unit length of 
the cylinders (W/m) that is required to maintain the 
outer surface of cylinder B at 5°C. 


(b) What is the temperature at the center of cylinder A? 


A wire of diameter D = 2 mm and uniform temperature 
T has an electrical resistance of 0.01 Q/m and a current 
flow of 20 A. 


(a) What is the rate at which heat is dissipated per unit 
length of wire? What is the heat dissipation per 
unit volume within the wire? 


If the wire is not insulated and is in ambient air 
and large surroundings for which T,, = T,,, = 20°C, 
what is the temperature T of the wire? The 
wire has an emissivity of 0.3, and the coefficient 
associated with heat transfer by natural convection 
may be approximated by an expression of the 
form, h=C[(T-— T.,)/D]'", where C = 1.25 
Wim™4- K/4, 


(b) 


If the wire is coated with plastic insulation of 2-mm 


() 


thickness and a thermal conductivity of 0.25 W/m: K, 
what are the inner and outer surface temperatures of 
the insulation? The insulation has an emissivity of 
0.9, and the convection coefficient is given by the 
expression of part (b). Explore the effect of the insu- 
lation thickness on the surface temperatures. 


A 2-mm-diameter electrical wire is insulated by a 
2-mm-thick rubberized sheath (k = 0.13 W/m: K), and 
the wire/sheath interface is characterized by a thermal 
contact resistance of R’. = 3 X 10-4 m?- K/W. The con- 
vection heat transfer coefficient at the outer surface of 
the sheath is 10 W/m?:K, and the temperature of 
the ambient air is 20°C. If the temperature of the insula- 
tion may not exceed 50°C, what is the maximum allow- 
able electrical power that may be dissipated per unit 
length of the conductor? What is the critical radius of 
the insulation? 


a Problems 


3.55 Electric current flows through a long rod generating 


3.56 


thermal energy at a uniform volumetric rate of g= 
2 10°W/m>. The rod is concentric with a hollow 
ceramic cylinder, creating an enclosure that is filled 
with air. 


= Ceramic, k = 1.75 W/mK 
D,;= 40mm 
D, = 120 mm 


Enclosure, air space 


Rod, g, D,= 20 mm 


The thermal resistance per unit length due to radiation 
between the enclosure surfaces is R/,; = 0.30m >: K/W, 
and the coefficient associated with free convection in 
the enclosure is h = 20 W/m’: K. 


(a) Construct a thermal circuit that can be used to cal- 
culate the surface temperature of the rod, T... Label 
all temperatures, heat rates, and thermal resis- 
tances, and evaluate each thermal resistance. 


(b) Calculate the surface temperature of the rod for the 
prescribed conditions. 


The evaporator section of a refrigeration unit consists 
of thin-walled, 10-mm-diameter tubes through which 
refrigerant passes at a temperature of —18°C. Air is 
cooled as it flows over the tubes, maintaining a surface 
convection coefficient of 100 W/m?-K, and is subse- 
quently routed to the refrigerator compartment. 


(a) For the foregoing conditions and an air temperature 
of —3°C, what is the rate at which heat is extracted 
from the air per unit tube length? 


eS 


(b 


If the refrigerator’s defrost unit malfunctions, frost 
will slowly accumulate on the outer tube surface. 
Assess the effect of frost formation on the cooling 
capacity of a tube for frost layer thicknesses in the 
range 0=5=4mm. Frost may be assumed to 
have a thermal conductivity of 0.4 W/m: K. 


(c) The refrigerator is disconnected after the defrost 
unit malfunctions and a 2-mm-thick layer of frost 
has formed. If the tubes are in ambient air for 
which T., = 20°C and natural convection maintains 
a convection coefficient of 2 W/m?:K, how long 
will it take for the frost to melt? The frost may be 
assumed to have a mass density of 700 kg/m? and a 


latent heat of fusion of 334 kJ/kg. 


3.57 A composite cylindrical wall is composed of two 


materials of thermal conductivity k, and kp, which 
are separated by a very thin, electric resistance 


3.58 
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heater for which interfacial contact resistances are 


negligible. 


Resistance heater 
Gv Th 


Internal flow 
T,, i» hh; 
Ambient air 
These ip, 


Liquid pumped through the tube is at a temperature T,, ; 
and provides a convection coefficient h; at the inner sur- 
face of the composite. The outer surface is exposed to 
ambient air, which is at T.,,, and provides a convection 
coefficient of h,. Under steady-state conditions, a uni- 
form heat flux of g7 is dissipated by the heater. 


(a) Sketch the equivalent thermal circuit of the system 
and express all resistances in terms of relevant 
variables. 


(b) 


Obtain an expression that may be used to determine 
the heater temperature, 7;,. 

(c) Obtain an expression for the ratio of heat flows to 
the outer and inner fluids, g}/g;. How might the 
variables of the problem be adjusted to minimize 


this ratio? 


An electrical current of 700 A flows through a stainless 
steel cable having a diameter of 5 mm and an electrical 
resistance of 6 X 10°-* O/m (i.e., per meter of cable 
length). The cable is in an environment having a tem- 
perature of 30°C, and the total coefficient associated 
with convection and radiation between the cable and 
the environment is approximately 25 W/m’: K. 


(a) If the cable is bare, what is its surface temperature? 


(b) If a very thin coating of electrical insulation is 
applied to the cable, with a contact resistance of 
0.02 m*- K/W, what are the insulation and cable 
surface temperatures? 


(c) There is some concern about the ability of the insula- 
tion to withstand elevated temperatures. What thick- 
ness of this insulation (k = 0.5 W/m: K) will yield 
the lowest value of the maximum insulation temper- 
ature? What is the value of the maximum tempera- 


ture when this thickness is used? 
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A 0.20-m-diameter, thin-walled steel pipe is used to 
transport saturated steam at a pressure of 20 bars in a 
room for which the air temperature is 25°C and the con- 
vection heat transfer coefficient at the outer surface of 
the pipe is 20 W/m*:K. 


(a) What is the heat loss per unit length from the bare 
pipe (no insulation)? Estimate the heat loss per unit 
length if a 50-mm-thick layer of insulation (magne- 
sia, 85%) is added. The steel and magnesia may each 
be assumed to have an emissivity of 0.8, and the 
steam-side convection resistance may be neglected. 


(b) The costs associated with generating the steam and 
installing the insulation are known to be $4/10° J 
and $100/m of pipe length, respectively. If the 
steam line is to operate 7500 h/yr, how many years 
are needed to pay back the initial investment in 


insulation? 


An uninsulated, thin-walled pipe of 100-mm diameter is 
used to transport water to equipment that operates out- 
doors and uses the water as a coolant. During particularly 
harsh winter conditions, the pipe wall achieves a temper- 
ature of -15°C and a cylindrical layer of ice forms on the 
inner surface of the wall. If the mean water temperature 
is 3°C and a convection coefficient of 2000 W/m - K is 
maintained at the inner surface of the ice, which is at 
0°C, what is the thickness of the ice layer? 


Steam flowing through a long, thin-walled pipe main- 
tains the pipe wall at a uniform temperature of 500 K. 
The pipe is covered with an insulation blanket comprised 
of two different materials, A and B. 


The interface between the two materials may be 
assumed to have an infinite contact resistance, and the 
entire outer surface is exposed to air for which T., = 
300 K and h = 25 W/m?-K. 


r,; = 50 mm 


ry = 100 mm 


8,2(A) ky = 2 Wim-K 
ky = 0.25 W/mK 
T, 218) 5 
Th 
500 K we 


(a) Sketch the thermal circuit of the system. Label 
(using the preceding symbols) all pertinent nodes and 
resistances. 


(b) For the prescribed conditions, what is the total heat 
loss from the pipe? What are the outer surface tem- 
peratures T, 5-4) and T, 4g)? 
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A bakelite coating is to be used with a 10-mm-diameter 
conducting rod, whose surface is maintained at 200°C by 
passage of an electrical current. The rod is in a fluid at 
25°C, and the convection coefficient is 140 W/m’-K. 
What is the critical radius associated with the coating? 
What is the heat transfer rate per unit length for the bare 
rod and for the rod with a coating of bakelite that corre- 
sponds to the critical radius? How much bakelite should 
be added to reduce the heat transfer associated with the 
bare rod by 25%? 


Spherical Wall 
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A storage tank consists of a cylindrical section that has 
a length and inner diameter of L = 2m and D; = 1m, 
respectively, and two hemispherical end sections. The 
tank is constructed from 20-mm-thick glass (Pyrex) and 
is exposed to ambient air for which the temperature is 
300K and the convection coefficient is 10 W/m?:K. 
The tank is used to store heated oil, which maintains the 
inner surface at a temperature of 400 K. Determine the 
electrical power that must be supplied to a heater sub- 
merged in the oil if the prescribed conditions are to be 
maintained. Radiation effects may be neglected, and the 
Pyrex may be assumed to have a thermal conductivity 
of 1.4 W/m:K. 


Consider the liquid oxygen storage system and the lab- 
oratory environmental conditions of Problem 1.49. To 
reduce oxygen loss due to vaporization, an insulating 
layer should be applied to the outer surface of the con- 
tainer. Consider using a laminated aluminum foil/glass 
mat insulation, for which the thermal conductivity and 
surface emissivity are k = 0.00016 W/m: K and ¢ = 0.20, 
respectively. 


(a) If the container is covered with a 10-mm-thick 
layer of insulation, what is the percentage reduction 
in oxygen loss relative to the uncovered container? 


(b) 


Compute and plot the oxygen evaporation rate 


(kg/s) as a function of the insulation thickness f for 
0st=50mm. 


A spherical Pyrex glass shell has inside and outside 

diameters of D, = 0.1 m and D, = 0.2 m, respectively. 

The inner surface is at T,, = 100°C while the outer sur- 

face is at T,, = 45°C. 

(a) Determine the temperature at the midpoint of the 
shell thickness, T(r, = 0.075 m). 


(b) For the same surface temperatures and dimensions 
as in part (a), show how the midpoint temperature 
would change if the shell material were aluminum. 


In Example 3.6, an expression was derived for the criti- 
cal insulation radius of an insulated, cylindrical tube. 
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Derive the expression that would be appropriate for an 
insulated sphere. 


A hollow aluminum sphere, with an electrical heater in 
the center, is used in tests to determine the thermal con- 
ductivity of insulating materials. The inner and outer 
radii of the sphere are 0.15 and 0.18 m, respectively, 
and testing is done under steady-state conditions with 
the inner surface of the aluminum maintained at 250°C. 
In a particular test, a spherical shell of insulation is cast 
on the outer surface of the sphere to a thickness of 
0.12 m. The system is in a room for which the air tem- 
perature is 20°C and the convection coefficient at the 
outer surface of the insulation is 30 W/m?:K. If 80 W 
are dissipated by the heater under steady-state condi- 
tions, what is the thermal conductivity of the insulation? 


A spherical tank for storing liquid oxygen on the space 
shuttle is to be made from stainless steel of 0.80-m outer 
diameter and 5-mm wall thickness. The boiling point and 
latent heat of vaporization of liquid oxygen are 90 K and 
213 kJ/kg, respectively. The tank is to be installed in a 
large compartment whose temperature is to be maintained 
at 240K. Design a thermal insulation system that will 
maintain oxygen losses due to boiling below | kg/day. 


A spherical, cryosurgical probe may be imbedded in 
diseased tissue for the purpose of freezing, and thereby 
destroying, the tissue. Consider a probe of 3-mm diam- 
eter whose surface is maintained at —30°C when 
imbedded in tissue that is at 37°C. A spherical layer of 
frozen tissue forms around the probe, with a tempera- 
ture of O°C existing at the phase front (interface) 
between the frozen and normal tissue. If the thermal 
conductivity of frozen tissue is approximately 
1.5 W/m: K and heat transfer at the phase front may be 
characterized by an effective convection coefficient of 
50 W/m*: K, what is the thickness of the layer of frozen 
tissue (assuming negligible perfusion)? 


A spherical vessel used as a reactor for producing phar- 
maceuticals has a 10-mm-thick stainless steel wall 
(k = 17 W/m-K) and an inner diameter of 1m. The 
exterior surface of the vessel is exposed to ambient air 
(T.. = 25°C) for which a convection coefficient of 
6 W/m’: K may be assumed. 


(a) During steady-state operation, an inner surface 
temperature of 50°C is maintained by energy gener- 
ated within the reactor. What is the heat loss from 
the vessel? 


(b) If a 20-mm-thick layer of fiberglass insulation 
(k = 0.040 W/m: K) is applied to the exterior of the 
vessel and the rate of thermal energy generation is 
unchanged, what is the inner surface temperature of 


the vessel? 
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The wall of a spherical tank of 1-m diameter contains 
an exothermic chemical reaction and is at 200°C when 
the ambient air temperature is 25°C. What thickness of 
urethane foam is required to reduce the exterior temper- 
ature to 40°C, assuming the convection coefficient is 
20 W/m’: K for both situations? What is the percentage 
reduction in heat rate achieved by using the insulation? 


A composite spherical shell of inner radius r, = 0.25 m 
is constructed from lead of outer radius r, = 0.30 m and 
AISI 302 stainless steel of outer radius r; = 0.31 m. The 
cavity is filled with radioactive wastes that generate heat 
at arate of g = 5 X 10° W/m*. It is proposed to submerge 
the container in oceanic waters that are at a temperature of 
T.. = 10°C and provide a uniform convection coefficient 
of h = 500 W/m’ « K at the outer surface of the container. 
Are there any problems associated with this proposal? 


The energy transferred from the anterior chamber of the 
eye through the cornea varies considerably depending 
on whether a contact lens is worn. Treat the eye as a 
spherical system and assume the system to be at steady 
state. The convection coefficient h, is unchanged with 
and without the contact lens in place. The cornea and 
the lens cover one-third of the spherical surface area. 


ae 
Anterior — 
chamber 

Cornea Contact 


Values of the parameters representing this situation 
are as follows: 


r, = 10.2 mm ry = 12.7 mm 


ry = 16.5 mm Tg = are 
45 37C ky = 0.80 W/m: K 
k, = 0.35 W/m: K h, = 6 W/m?+K 


h; = 12 W/m? + K 


(a) Construct the thermal circuits, labeling all potentials 
and flows for the systems excluding the contact lens 
and including the contact lens. Write resistance ele- 
ments in terms of appropriate parameters. 


(b) Determine the heat loss from the anterior chamber 
with and without the contact lens in place. 


(c) Discuss the implication of your results. 
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The outer surface of a hollow sphere of radius r, is sub- 
jected to a uniform heat flux g3. The inner surface at r, 
is held at a constant temperature T, ,. 


(a) Develop an expression for the waLeares distribu- 
tion 7(r) in the sphere wall in terms of 93, T,), 1, 72, 
and the thermal conductivity of the wall material k. 


(b) If the inner and outer tube radii are r; = 50 mm and 
r, = 100 mm, what heat flux q3 is required to main- 
tain the outer surface at T,, = 50°C, while the inner 
surface is at T,,; = 20°C? The thermal conductivity 
of the wall material is k = 10 W/m:K. 


A spherical shell of inner and outer radii r; and 1,, 
respectively, is filled with a heat-generating material 
that provides for a uniform volumetric generation rate 
(W/m°) of q. The outer surface of the shell is exposed to 
a fluid having a temperature T,, and a convection coeffi- 
cient h. Obtain an expression for the steady-state tem- 
perature distribution 7(r) in the shell, expressing your 
result in terms of r;, r,, g, , T, and the thermal conduc- 
tivity & of the shell material. 


A spherical tank of 3-m diameter contains a liquified- 
petroleum gas at —60°C. Insulation with a thermal con- 
ductivity of 0.06 W/m:-K and thickness 250mm is 
applied to the tank to reduce the heat gain. 


(a) Determine the radial position in the insulation layer 
at which the temperature is 0°C when the ambient 
air temperature is 20°C and the convection coeffi- 
cient on the outer surface is 6 W/m*:K. 


(b) If the insulation is pervious to moisture from the 
atmospheric air, what conclusions can you reach 
about the formation of ice in the insulation? What 
effect will ice formation have on heat gain to the 


LP gas? How could this situation be avoided? 


A transistor, which may be approximated as a hemi- 
spherical heat source of radius r, = 0.1 mm, is embed- 
ded in a large silicon substrate (k = 125 W/m- K) and 
dissipates heat at a rate g. All boundaries of the silicon 
are maintained at an ambient temperature of T,, = 27°C, 
except for the top surface, which is well insulated. 


Silicon 
substrate 


Obtain a general expression for the substrate tempera- 
ture distribution and evaluate the surface temperature 
of the heat source for g = 4 W. 
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One modality for destroying malignant tissue involves 
imbedding a small spherical heat source of radius r, 
within the tissue and maintaining local temperatures 
above a critical value 7, for an extended period. Tissue 
that is well removed from the source may be assumed 
to remain at normal body temperature (7, = 37°C). 
Obtain a general expression for the radial temperature 
distribution in the tissue under steady-state conditions 
for which heat is dissipated at a rate g. If r, = 0.5 mm, 
what heat rate must be supplied to maintain a tissue tem- 
perature of T= T, = 42°C in the domain 05=r= 
5mm? The tissue thermal conductivity is approxi- 
mately 0.5 W/m - K. Assume negligible perfusion. 


Conduction with Thermal Energy Generation 
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The air inside a chamber at T..; = 50°C is heated con- 
vectively with h; = 20 W/m? : K by a 200-mm-thick wall 
having a thermal conductivity of 4 W/m: K and a uni- 
form heat generation of 1000 W/m*. To prevent any 
heat generated within the wall from being lost to the 
outside of the chamber at T.,, = 25°C with h, =5 
W/m? K, a very thin electrical strip heater is placed on 
the outer wall to provide a uniform heat flux, q’. 


Strip heater, q/, Wall, k, g 


‘es chamber 
h; 


none, Ua Fl 


(a) Sketch the temperature distribution in the wall on 
T — x coordinates for the condition where no heat 
generated within the wall is lost to the outside of 
the chamber. 


(b) What are the temperatures at the wall boundaries, 
T(O) and T(L), for the conditions of part (a)? 

(c) Determine the value of g/ that must be supplied by the 
strip heater so that all heat generated within the wall is 
transferred to the inside of the chamber. 


(d) If the heat generation in the wall were switched off 
while the heat flux to the strip heater remained con- 
stant, what would be the steady-state temperature, 
T(0), of the outer wall surface? 


Consider cylindrical and spherical shells with inner and 
outer surfaces at r; and r, maintained at uniform tem- 
peratures T,, and T,», respectively. If there is uniform 
heat generation within the shells, obtain expressions for 
the steady-state, one-dimensional radial distributions 
of the temperature, heat flux, and heat rate. Contrast 
your results with those summarized in Appendix C. 
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A plane wall of thickness 0.1 m and thermal conductiv- 
ity 25 W/m: K having uniform volumetric heat genera- 
tion of 0.3 MW/m? is insulated on one side, while the 
other side is exposed to a fluid at 92°C. The convection 
heat transfer coefficient between the wall and the fluid 
is 500 W/m’: K. Determine the maximum temperature 
in the wall. 


Large, cylindrical bales of hay used to feed livestock in 
the winter months are D = 2m in diameter and are 
stored end-to-end in long rows. Microbial energy gener- 
ation occurs in the hay and can be excessive if the 
farmer bales the hay in a too-wet condition. Assuming 
the thermal conductivity of baled hay to be 
k = 0.04 W/m - K, determine the maximum steady-state 
hay temperature for dry hay (¢= 1W/m*), moist hay 
(q¢= 10 W/m%), and wet hay (¢ = 100 W/m’). Ambient 
conditions are T,, = 0°C and h = 25 W/m’: K. 


Consider the cylindrical bales of hay in Problem 3.82. 
It is proposed to utilize the microbial energy generation 
associated with wet hay to heat water. Consider a 30-mm 
diameter, thin-walled tube inserted lengthwise through 
the middle of a cylindrical bale. The tube carries water at 
Tc; = 20°C with h; = 200 W/m?:K. 

(a) Determine the steady-state heat transfer to the water 
per unit length of tube. 

(b) Plot the radial temperature distribution in the hay, 
T(r). 

Plot the heat transfer to the water per unit length of 
tube for bale diameters of 0.2m = D=2m. 


(c) 


Consider one-dimensional conduction in a plane com- 
posite wall. The outer surfaces are exposed to a fluid at 
25°C and a convection heat transfer coefficient of 
1000 W/m? : K. The middle wall B experiences uniform 
heat generation gz, while there is no generation in walls 
A and C. The temperatures at the interfaces are T, = 
261°C and T, = 211°C. 


T, T, 


be! 


be—L, >} —2L, —>| Ly 
ky = 25 WimK = Ly = 30mm 
ke = 50 W/mK Lg = 30mm 
Lo = 20 mm 


(a) Assuming negligible contact resistance at the inter- 
faces, determine the volumetric heat generation gp 
and the thermal conductivity kg. 
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(b) Plot the temperature distribution, showing its 
important features. 


(c) Consider conditions corresponding to a_ loss 
of coolant at the exposed surface of material A 
(h = 0). Determine 7, and T, and plot the tempera- 
ture distribution throughout the system. 


Consider a plane composite wall that is composed of 
three materials (materials A, B, and C are arranged left 
to right) of thermal conductivities k, = 0.24 W/m-K, 
kg = 0.13 W/m-K, and ke = 0.50 W/m-K. The thick- 
nesses of the three sections of the wall are L, = 20 mm, 
Lz = 13 mm, and Le = 20 mm. A contact resistance of 
R’, = 10°? m*:K/W exists at the interface between 
materials A and B, as well as at the interface between 
materials B and C. The left face of the composite wall 
is insulated, while the right face is exposed to convec- 
tive conditions characterized by h = 10 W/m?:K, T.. = 
20°C. For Case 1, thermal energy is generated within 
material A at the rate gx = 5000 W/m*. For Case 2, 
thermal energy is generated within material C at the 
rate Go = 5000 W/m’. 


(a) Determine the maximum temperature within the com- 
posite wall under steady-state conditions for Case 1. 


(b) Sketch the steady-state temperature distribution on 
T — x coordinates for Case 1. 


(c) Sketch the steady-state temperature distribution for 
Case 2 on the same T — x coordinates used for Case 1. 


An air heater may be fabricated by coiling Nichrome 
wire and passing air in cross flow over the wire. 
Consider a heater fabricated from wire of diameter D = 
1mm, electrical resistivity p, = 10-°Q+m, thermal 
conductivity k = 25 W/m- K, and emissivity ¢ = 0.20. 
The heater is designed to deliver air at a temperature of 
T., = 50°C under flow conditions that provide a con- 
vection coefficient of h = 250 W/m?:K for the wire. 
The temperature of the housing that encloses the wire 
and through which the air flows is T,,, = 50°C. 


Mire Housing, Ty, 


AE 


I 


If the maximum allowable temperature of the wire is 
Tmax = 1200°C, what is the maximum allowable elec- 
tric current /? If the maximum available voltage is 
AE = 110V, what is the corresponding length L of 
wire that may be used in the heater and the power 


rating of the heater? Hint: In your solution, assume 
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negligible temperature variations within the wire, but 
after obtaining the desired results, assess the validity of 
this assumption. 


Consider the composite wall of Example 3.7. In the 
Comments section, temperature distributions in the wall 
were determined assuming negligible contact resistance 
between materials A and B. Compute and plot the tem- 
perature distributions if the thermal contact resistance is 
Ri... = 10 4m’: K/W. 


Consider uniform thermal energy generation inside a 
one-dimensional plane wall of thickness L with one 
surface held at T, , and the other surface insulated. 


(a) Find an expression for the conduction heat flux to the 
cold surface and the temperature of the hot surface T, ,, 
expressing your results in terms of k, g, L, and T, ;. 


(b) Compare the heat flux found in part (a) with the heat 
flux associated with a plane wall without energy gen- 
eration whose surface temperatures are T, , and T, 5. 


A plane wall of thickness 2L and thermal conductivity k 
experiences a uniform volumetric generation rate q. As 
shown in the sketch for Case 1, the surface at x = —L is 
perfectly insulated, while the other surface is main- 
tained at a uniform, constant temperature T,. For Case 
2, a very thin dielectric strip is inserted at the midpoint 
of the wall (x = 0) in order to electrically isolate the 
two sections, A and B. The thermal resistance of 
the strip is R’ = 0.0005 m?-K/W. The parameters 
associated with the wall are k =50W/m:K, L= 
20 mm, g =5 X 10° W/m', and T, = 50°C. 


Case 2 


(a) Sketch the temperature distribution for Case 1 on 
T — x coordinates. Describe the key features of this 
distribution. Identify the location of the maximum 
temperature in the wall and calculate this temperature. 


(b) Sketch the temperature distribution for Case 2 on 
the same T — x coordinates. Describe the key fea- 
tures of this distribution. 

(c) What is the temperature difference between the two 
walls at x = 0 for Case 2? 

(d) What is the location of the maximum temperature 
in the composite wall of Case 2? Calculate this 
temperature. 
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A nuclear fuel element of thickness 2L is covered with 
a steel cladding of thickness b. Heat generated within 
the nuclear fuel at a rate g is removed by a fluid at T.,, 
which adjoins one surface and is characterized by a 
convection coefficient h. The other surface is well insu- 
lated, and the fuel and steel have thermal conductivities 
of k, and k,, respectively. 


Sed) Nuclear fuel Stee 

tee | L tee 

Insulation + fon 
= E b 


(a) Obtain an equation for the temperature distribution 
T(x) in the nuclear fuel. Express your results in 
terms of ¢, ky, L, b, k,, h, and T... 


(b) Sketch the temperature distribution T(x) for the 
entire system. 


Consider the clad fuel element of Problem 3.90. 


(a) Using appropriate relations from Tables C.1 and C.2, 
obtain an expression for the temperature distribution 
T(x) in the fuel element. For ky = 60 W/m:K, L = 
15mm, b=3mm, k,= 15 W/m-K, h = 10,000 
W/m: K, and T,, = 200°C, what are the largest and 
smallest temperatures in the fuel element if heat is 
generated uniformly at a volumetric rate of g = 2 X 
10’ W/m3? What are the corresponding locations? 


(b) If the insulation is removed and equivalent convec- 
tion conditions are maintained at each surface, 
what is the corresponding form of the temperature 
distribution in the fuel element? For the conditions 
of part (a), what are the largest and smallest tem- 
peratures in the fuel? What are the corresponding 
locations? 


(c) For the conditions of parts (a) and (b), plot the tem- 


perature distributions in the fuel element. 


In Problem 3.79 the strip heater acts to guard against 
heat losses from the wall to the outside, and the 
required heat flux g? depends on chamber operating 
conditions such as q and T,,; As a first step in 
designing a controller for the guard heater, compute 
and plot q? and 7(0) as a function of g for 200 =q = 
2000 W/m? and T,, ; = 30, 50, and 70°C. 


3.93 The exposed surface (x = 0) of a plane wall of thermal 


conductivity k is subjected to microwave radiation that 
causes volumetric heating to vary as 


. . x 
WX) = o (: — i) 
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a Problems 


where q, (W/m‘*) is a constant. The boundary at x = L is 
perfectly insulated, while the exposed surface is main- 
tained at a constant temperature 7. Determine the tem- 
perature distribution 7(x) in terms of x, L, k, q,, and T,,. 


A quartz window of thickness L serves as a viewing port 
in a furnace used for annealing steel. The inner surface 
(x = 0) of the window is irradiated with a uniform heat 
flux g’ due to emission from hot gases in the furnace. A 
fraction, 8, of this radiation may be assumed to be 
absorbed at the inner surface, while the remaining radia- 
tion is partially absorbed as it passes through the quartz. 
The volumetric heat generation due to this absorption 
may be described by an expression of the form 


q(x) = (1 — B)qgae™™ 

where a is the absorption coefficient of the quartz. 
Convection heat transfer occurs from the outer surface 
(x = L) of the window to ambient air at T,, and is char- 
acterized by the convection coefficient h. Convection 
and radiation emission from the inner surface may be 
neglected, along with radiation emission from the outer 
surface. Determine the temperature distribution in the 
quartz, expressing your result in terms of the foregoing 
parameters. 


For the conditions described in Problem 1.44, determine 
the temperature distribution, T(r), in the container, 
expressing your result in terms of g,, r,, T.., h, and the 


thermal conductivity k of the radioactive wastes. 


A cylindrical shell of inner and outer radii, 7; and r,, 
respectively, is filled with a heat-generating material 
that provides a uniform volumetric generation rate 
(W/m*) of g. The inner surface is insulated, while the 
outer surface of the shell is exposed to a fluid at T,, and 
a convection coefficient h. 


(a) Obtain an expression for the steady-state tempera- 
ture distribution 7(r) in the shell, expressing your 
result in terms of 7;, 7,, G, h, T.., and the thermal 
conductivity k of the shell material. 


(b) Determine an expression for the heat rate, q'(r,), at 
the outer radius of the shell in terms of g and shell 
dimensions. 


The cross section of a long cylindrical fuel element in a 
nuclear reactor is shown. Energy generation occurs uni- 
formly in the thorium fuel rod, which is of diameter 
D = 25 mm and is wrapped in a thin aluminum cladding. 


Coolant 
1A 


—s 
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Thin aluminum 
cladding 
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(a) It is proposed that, under steady-state conditions, 
the system operates with a generation rate of g = 
7 X 108 W/m? and cooling system characteristics of 
T.. = 95°C and h = 7000 W/m? K. Is this pro- 
posal satisfactory? 


(b)|Explore the effect of variations in g and h by plot- 


ting temperature distributions 7(r) for a range of 
parameter values. Suggest an envelope of accept- 
able operating conditions. 


A nuclear reactor fuel element consists of a solid 
cylindrical pin of radius r; and thermal conductivity k;. 
The fuel pin is in good contact with a cladding material 
of outer radius r, and thermal conductivity k,. Consider 
steady-state conditions for which uniform heat genera- 
tion occurs within the fuel at a volumetric rate g and the 
outer surface of the cladding is exposed to a coolant 
that is characterized by a temperature T,, and a convec- 
tion coefficient h. 


(a) Obtain equations for the temperature distributions 
T,(r) and T(r) in the fuel and cladding, respec- 
tively. Express your results exclusively in terms of 
the foregoing variables. 


(b) Consider a uranium oxide fuel pin for which k, = 2 
W/m: K and r, = 6 mm and cladding for which 
k, = 25 W/m:K and r, = 9 mm. If g=2 X 108 
W/m*, h = 2000 W/m?:K, and T., = 300 K, what 


is the maximum temperature in the fuel element? 


(c) 


Compute and plot the temperature distribution, 


T(r), for values of h = 2000, 5000, and 10,000 
W/m*:K. If the operator wishes to maintain the 
centerline temperature of the fuel element below 
1000 K, can she do so by adjusting the coolant flow 
and hence the value of h? 


Consider the configuration of Example 3.8, where uni- 
form volumetric heating within a stainless steel tube is 
induced by an electric current and heat is transferred by 
convection to air flowing through the tube. The tube 
wall has inner and outer radii of r; = 25 mm and r, = 
35 mm, a thermal conductivity of k = 15 W/m-K, an 
electrical resistivity of p, = 0.7 X 10°° Q-m, and a 
maximum allowable operating temperature of 1400 K. 


(a) Assuming the outer tube surface to be perfectly 
insulated and the airflow to be characterized by a 
temperature and convection coefficient of T...; = 
400 K and h, = 100 W/m’:K, determine the maxi- 
mum allowable electric current J. 


(b) 


Compute and plot the radial temperature distribu- 


tion in the tube wall for the electric current of part (a) 
and three values of /, (100, 500, and 1000 W/m? K). 
For each value of h,, determine the rate of heat 
transfer to the air per unit length of tube. 
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(c)| In practice, even the best of insulating materials 


3.100 


ro =1 


r3= 14mm 


3.101 


would be unable to maintain adiabatic conditions at 
the outer tube surface. Consider use of a refractory 
insulating material of thermal conductivity k = 1.0 
W/m: K and neglect radiation exchange at its outer 
surface. For h, = 100 W/m?: K and the maximum 
allowable current determined in part (a), compute 
and plot the temperature distribution in the compos- 
ite wall for two values of the insulation thickness 
(6 = 25 and 50 mm). The outer surface of the insula- 
tion is exposed to room air for which T,, 5 = 300K 
and h, = 25 W/m’: K. For each insulation thickness, 
determine the rate of heat transfer per unit tube 
length to the inner airflow and the ambient air. 


A high-temperature, gas-cooled nuclear reactor consists 
of a composite cylindrical wall for which a thorium fuel 
element (k ~ 57 W/m: K) is encased in graphite (k ~ 3 
W/m-:K) and gaseous helium flows through an annular 
coolant channel. Consider conditions for which the helium 
temperature is T.. = 600 K and the convection coefficient 
at the outer surface of the graphite is h = 2000 W/m? K. 


r,=8mm 
Coolant channel with 


helium flow (T., h) 
1mm 


== Graphite 
Thorium, g 
T, 

T; 


(a) If thermal energy is uniformly generated in the fuel 
element at a rate = 10° W/m", what are the tem- 
peratures 7, and T, at the inner and outer surfaces, 
respectively, of the fuel element? 


(b)|Compute and plot the temperature distribution in 
the composite wall for selected values of g. What 
is the maximum allowable value of q? 


A long cylindrical rod of diameter 200 mm with ther- 
mal conductivity of 0.5 W/m: K experiences uniform 
volumetric heat generation of 24,000 W/m’. The rod is 
encapsulated by a circular sleeve having an outer 
diameter of 400mm and a thermal conductivity of 
4 W/m: K. The outer surface of the sleeve is exposed 
to cross flow of air at 27°C with a convection coeffi- 
cient of 25 W/m*:K. 


(a) Find the temperature at the interface between the 
rod and sleeve and on the outer surface. 


(b) What is the temperature at the center of the rod? 


3.102 A radioactive material of thermal conductivity k is cast 


as a solid sphere of radius r, and placed in a liquid bath 
for which the temperature T,, and convection coeffi- 
cient h are known. Heat is uniformly generated within 
the solid at a volumetric rate of g. Obtain the steady- 
state radial temperature distribution in the solid, 
expressing your result in terms of r,, g, k, h, and T,,. 


3.103 Radioactive wastes are packed in a thin-walled spherical 


container. The wastes generate thermal energy nonuni- 
formly according to the relation g = q[1 — (7/r,)”] where 
q is the local rate of energy generation per unit volume, ¢ 
is a constant, and r, is the radius of the container. Steady- 
state conditions are maintained by submerging the con- 
tainer in a liquid that is at 7., and provides a uniform 
convection coefficient h. 


c “Coolant 
€ 7.2% I a : 
— G= J U- Clr) 
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Determine the temperature distribution, 7(7), in the con- 
tainer. Express your result in terms of g,, r,, T.., h, and 
the thermal conductivity k of the radioactive wastes. 


3.104 Radioactive wastes (k,,, = 20 W/m-K) are stored in a 


spherical, stainless steel (k,, = 15 W/m: K) container of 
inner and outer radii equal to r; = 0.5 m and r, = 0.6 m. 
Heat is generated volumetrically within the wastes at a 
uniform rate of g = 10° W/m’, and the outer surface of 
the container is exposed to a water flow for which h = 
1000 W/m? K and T., = 25°C. 


~ Water \ 
S/.. Le 
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(a) Evaluate the steady-state outer surface tempera- 
ture, 7,5: 

(b) Evaluate the steady-state inner surface tempera- 
ture, 7, ;. 

(c) Obtain an expression for the temperature distribu- 
tion, 7(r), in the radioactive wastes. Express your 
result in terms of 7;, T,;, ky, and g. Evaluate the 
temperature at r = 0. 


a Problems 


A proposed extension of the foregoing design 
involves storing waste materials having the same 
thermal conductivity but twice the heat generation 
(q¢ = 2 X 10° W/m") in a stainless steel container 
of equivalent inner radius (7; = 0.5 m). Safety 
considerations dictate that the maximum system 
temperature not exceed 475°C and that the con- 
tainer wall thickness be no less than t = 0.04 m 
and preferably at or close to the original design 
(t = 0.1 m). Assess the effect of varying the outside 
convection coefficient to a maximum achievable 
value of h = 5000 W/m’: K (by increasing the 
water velocity) and the container wall thickness. Is 
the proposed extension feasible? If so, recommend 
suitable operating and design conditions for h and t, 
respectively. 


3.105 Unique characteristics of biologically active materi- 


als such as fruits, vegetables, and other products 
require special care in handling. Following harvest 
and separation from producing plants, glucose is 
catabolized to produce carbon dioxide, water vapor, 
and heat, with attendant internal energy generation. 
Consider a carton of apples, each of 80-mm diameter, 
which is ventilated with air at 5°C and a velocity 
of 0.5 m/s. The corresponding value of the heat trans- 
fer coefficient is 7.5 W/m*:K. Within each apple 
thermal energy is uniformly generated at a total rate 
of 4000 J/kg-day. The density and thermal conduc- 
tivity of the apple are 840 kg/m? and 0.5 W/m-K, 


respectively. 
Apple, 80 mm 
‘eo diameter 


(a) Determine the apple center and __ surface 
temperatures. 
(b) |For the stacked arrangement of apples within the 


crate, the convection coefficient depends on 
the velocity as h =C,V°*, where C, = 10.1 
W/m?: K+ (m/s)°**°, Compute and plot the center 
and surface temperatures as a function of the air 
velocity for 0.1 = V=1 m/s. 
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Consider the plane wall, long cylinder, and sphere 
shown schematically, each with the same characteris- 
tic length a, thermal conductivity k, and uniform volu- 
metric energy generation rate q. 


Sphere 


Long cylinder 


(a) On the same graph, plot the steady-state dimen- 
sionless temperature, [T(x or r) — T(a)|/[(ga’)/2k], 
versus the dimensionless characteristic length, x/a 
or r/a, for each shape. 


(b) Which shape has the smallest temperature differ- 
ence between the center and the surface? Explain 
this behavior by comparing the ratio of the volume- 
to-surface area. 


(c) Which shape would be preferred for use as a 
nuclear fuel element? Explain why. 


Extended Surfaces 
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Copper 
ring 


The radiation heat gage shown in the diagram is 
made from constantan metal foil, which is coated black 
and is in the form of a circular disk of radius R and 
thickness ¢. The gage is located in an evacuated enclo- 
sure. The incident radiation flux absorbed by the foil, ¢/, 
diffuses toward the outer circumference and into the 
larger copper ring, which acts as a heat sink at the con- 
stant temperature 7(R). Two copper lead wires are 
attached to the center of the foil and to the ring to com- 
plete a thermocouple circuit that allows for measure- 
ment of the temperature difference between the foil 
center and the foil edge, AT = T(0) — T(R). 


Evacuated 
enclosure 
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Obtain the differential equation that determines 7(r), the 
temperature distribution in the foil, under steady-state 
conditions. Solve this equation to obtain an expression 
relating AT to gj. You may neglect radiation exchange 
between the foil and its surroundings. 


Copper tubing is joined to the absorber of a flat-plate 
solar collector as shown. 


Cover 
———— eee plate 
-—— Evacuated 
space 


rad ;>———- Absorber 
plate 


T, 


w uy 


The aluminum alloy (2024-T6) absorber plate is 6 mm 
thick and well insulated on its bottom. The top surface 
of the plate is separated from a transparent cover plate 
by an evacuated space. The tubes are spaced a distance 
L of 0.20 m from each other, and water is circulated 
through the tubes to remove the collected energy. The 
water may be assumed to be at a uniform temperature of 
T,, = 60°C. Under steady-state operating conditions for 
which the net radiation heat flux to the surface is q!.4 = 
800 W/m’, what is the maximum temperature on the 
plate and the heat transfer rate per unit length of tube? 
Note that g/,4 represents the net effect of solar radiation 
absorption by the absorber plate and radiation exchange 
between the absorber and cover plates. You may 
assume the temperature of the absorber plate directly 
above a tube to be equal to that of the water. 


One method that is used to grow nanowires (nanotubes 
with solid cores) is to initially deposit a small droplet 
of a liquid catalyst onto a flat surface. The surface and 
catalyst are heated and simultaneously exposed to a 
higher-temperature, low-pressure gas that contains a 
mixture of chemical species from which the nanowire 
is to be formed. The catalytic liquid slowly absorbs the 
species from the gas through its top surface and con- 
verts these to a solid material that is deposited onto the 
underlying liquid-solid interface, resulting in construc- 
tion of the nanowire. The liquid catalyst remains sus- 
pended at the tip of the nanowire. 

Consider the growth of a 15-nm-diameter silicon 
carbide nanowire onto a silicon carbide surface. The 
surface is maintained at a temperature of T, = 2400 K, 
and the particular liquid catalyst that is used must be 
maintained in the range 2400 K = T. = 3000 K to per- 
form its function. Determine the maximum length of a 


Liquid catalyst 


nanowire that may be grown for conditions character- 
ized by h = 10° W/m?-K and T,, = 8000 K. Assume 
properties of the nanowire are the same as for bulk sil- 
icon carbide. 


Gas absorption 
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3.110 Consider the manufacture of photovoltaic silicon, as 


described in Problem 1.42. The thin sheet of silicon 
is pulled from the pool of molten material very 
slowly and is subjected to an ambient temperature of 
T.. = 527°C within the growth chamber. A convec- 
tion coefficient of h = 7.5 W/m?-K is associated 
with the exposed surfaces of the silicon sheet when it 
is inside the growth chamber. Calculate the maxi- 
mum allowable velocity of the silicon sheet V,;. The 
latent heat of fusion for silicon is hy = 1.8 X 10° 
J/kg. It can be assumed that the thermal energy 
released due to solidification is removed by conduc- 
tion along the sheet. 


3.111 Copper tubing is joined to a solar collector plate of 


thickness t, and the working fluid maintains the tem- 
perature of the plate above the tubes at T,. There is a 
uniform net radiation heat flux q/,, to the top surface 
of the plate, while the bottom surface is well insulated. 
The top surface is also exposed to a fluid at T., that 
provides for a uniform convection coefficient h. 
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(a) Derive the differential equation that governs the 
temperature distribution 7(x) in the plate. 
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a Problems 


(b) Obtain a solution to the differential equation for 
appropriate boundary conditions. 


A thin flat plate of length L, thickness ft, and width 
W > Lis thermally joined to two large heat sinks that 
are maintained at a temperature T,. The bottom of the 
plate is well insulated, while the net heat flux to 
the top surface of the plate is known to have a uniform 
value of q’. 


x 

Heat qo Heat 
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(a) Derive the differential equation that determines 
the steady-state temperature distribution T(x) in 
the plate. 


(b) Solve the foregoing equation for the temperature 
distribution, and obtain an expression for the rate 
of heat transfer from the plate to the heat sinks. 


Consider the flat plate of Problem 3.112, but with the 
heat sinks at different temperatures, T(0) = T, and 
T(L) = T,, and with the bottom surface no longer insu- 
lated. Convection heat transfer is now allowed to 
occur between this surface and a fluid at T.,, with a 


convection coefficient h. 


(a) Derive the differential equation that determines the 
steady-state temperature distribution 7(x) in the plate. 


(b) Solve the foregoing equation for the temperature 
distribution, and obtain an expression for the rate 
of heat transfer from the plate to the heat sinks. 


(c)| For g” = 20,000 W/m’, T, = 100°C, T, = 35°C, 


T.. = 25°C, k= 25 Wim:K, h=50 W/m’:K, 
L = 100 mm, t = 5 mm, and a plate width of W = 
30mm, plot the temperature distribution and 
determine the sink heat rates, g,(0) and q,(L). On 
the same graph, plot three additional temperature 
distributions corresponding to changes in the fol- 
lowing parameters, with the remaining parameters 
unchanged: (i) qg” = 30,000 W/m?, (ii) h = 200 
W/m?-K, and (iii) the value of g” for which 
g,(0) = 0 when h = 200 W/m*: K. 


The temperature of a flowing gas is to be measured with 
a thermocouple junction and wire stretched between 
two legs of a sting, a wind tunnel test fixture. The junc- 
tion is formed by butt-welding two wires of different 
material, as shown in the schematic. For wires of diame- 
ter D=125 wm and a convection coefficient of 
h = 700 W/m? K, determine the minimum separation 
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distance between the two legs of the sting, L = L, + Ly, 
to ensure that the sting temperature does not influence 
the junction temperature and, in turn, invalidate the gas 
temperature measurement. Consider two different types 
of thermocouple junctions consisting of (i) copper and 
constantan wires and (ii) chromel and alumel wires. 
Evaluate the thermal conductivity of copper and con- 
stantan at T= 300K. Use kg, = 19W/m:K and 
ky, = 29 W/m: K for the thermal conductivities of the 
chromel and alumel wires, respectively. 


Thermocouple junction 


A bonding operation utilizes a laser to provide a constant 
heat flux, g’, across the top surface of a thin adhesive- 
backed, plastic film to be affixed to a metal strip as 
shown in the sketch. The metal strip has a thickness 
d = 1.25 mm, and its width is large relative to that of the 
film. The thermophysical properties of the strip are 
p = 7850 kg/m’, c, = 435 J/kgK, and k = 60 W/m:K. 
The thermal resistance of the plastic film of width 
w, = 40 mm is negligible. The upper and lower surfaces 
of the strip (including the plastic film) experience con- 
vection with air at 25°C and a convection coefficient of 
10 W/m?:K. The strip and film are very long in the 
direction normal to the page. Assume the edges of the 
metal strip are at the air temperature (T.,). 


Laser source, q’, 
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(a) Derive an expression for the temperature distribu- 
tion in the portion of the steel strip with the plastic 
film (—w,/2 =x = +w,/2). 

If the heat flux provided by the laser is 10,000 
W/m’, determine the temperature of the plastic film 


at the center (x = 0) and its edges (x = +w,/2). 


(b 


— 


(c) 


Plot the temperature distribution for the entire strip 
and point out its special features. 
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A thin metallic wire of thermal conductivity k, diame- 
ter D, and length 2L is annealed by passing an electri- 
cal current through the wire to induce a uniform volu- 
metric heat generation g. The ambient air around 
the wire is at a temperature T,,, while the ends of the 
wire at x = +L are also maintained at 7,.,. Heat trans- 
fer from the wire to the air is characterized by 
the convection coefficient h. Obtain expressions for the 
following: 


(a) The steady-state temperature distribution 7(x) along 
the wire, 


(b) The maximum wire temperature. 


(c) The average wire temperature. 


A motor draws electric power P.,,, from a supply line 
and delivers mechanical power P,,.., to a pump 
through a rotating copper shaft of thermal conductiv- 
ity k,, length L, and diameter D. The motor is 
mounted on a square pad of width W, thickness ¢, and 
thermal conductivity k,. The surface of the housing 
exposed to ambient air at T,, is of area A, and the cor- 
responding convection coefficient is h,. Opposite 
ends of the shaft are at temperatures of 7, and T.,, and 
heat transfer from the shaft to the ambient air is char- 
acterized by the convection coefficient h,. The base of 
the pad is at T,,. 
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(a) Expressing your result in terms of Pac, Pmechs Ks» 
L, D, W, t, ky A,, 4, and h,, obtain an expression 
for (T;, — T..). 

(b) What is the value of T;, if Potec = 25 KW, Prnech = 
15 kW, k, = 400 W/m-K, L = 0.5 m, D = 0.05 m, 
W=0.7 m, t= 0.05 m, k, = 0.5 W/m:K, A, = 2 
m, h, = 10 W/m? K, h, = 300 W/m?-K, and 
T.. = 25°C? 


Consider the fuel cell stack of Problem 1.58. The 
t = 0.42-mm-thick membranes have a nominal thermal 
conductivity of k = 0.79 W/m-K that can be increased 
to keg, = 15.1 W/m: K by loading 10%, by volume, car- 
bon nanotubes into the catalyst layers. The membrane 
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experiences uniform volumetric energy generation at a 
rate of g = 10 X 10° W/m*. Air at 7,, = 80°C provides 
a convection coefficient of h, = 35 W/m*:K on one side 
of the membrane, while hydrogen at T,, = 80°C, 
h, = 235 W/m?:K flows on the opposite side of the 
membrane. The flow channels are 2L = 3 mm wide. The 
membrane is clamped between bipolar plates, each of 
which is at a temperature T,,, = 80°C. 


Membrane 


2 
Hydrogen 
T,, hy, 
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plate, Typ 


(a) 


Derive the differential equation that governs the 
temperature distribution 7(x) in the membrane. 


(b) Obtain a solution to the differential equation, 
assuming the membrane is at the bipolar plate 


temperature at x = 0 and x = 2L. 


(c) Plot the temperature distribution T(x) from x = 0 
to x = L for carbon nanotube loadings of 0% and 
10% by volume. Comment on the ability of the 
carbon nanotubes to keep the membrane below its 


softening temperature of 85°C. 


Consider a rod of diameter D, thermal conductivity k, 
and length 2Z that is perfectly insulated over one por- 
tion of its length, —L = x = 0, and experiences con- 
vection with a fluid (T,,, 4) over the other portion, 
0 =x= +L. One end is maintained at 7,, while the 
other is separated from a heat sink at T; by an interfa- 
cial thermal contact resistance Rie 


a Insulation 


Ry.= 4x 104 m*KW 


Rod t +> Xx 
to] +L 
P= Sn T., = 20°C 

L=50 mm h = 500 W/mK 

k = 100 Wim-K 


a Problems 


(a) Sketch the temperature distribution on T — x coor- 
dinates and identify its key features. Assume that 
T, > T;> Ta. 


(b) Derive an expression for the midpoint temperature 
T, in terms of the thermal and geometric parame- 


ters of the system. 


(c) For 7, = 200°C, T; = 100°C, and the conditions pro- 
vided in the schematic, calculate 7, and plot the tem- 
perature distribution. Describe key features of the 


distribution and compare it to your sketch of part (a). 


3.120] A carbon nanotube is suspended across a trench of width 


s = 5 wm that separates two islands, each at T,, = 300 K. 
A focused laser beam irradiates the nanotube at a dis- 
tance € from the left island, delivering g = 10 4W 
of energy to the nanotube. The nanotube temperature 
is measured at the midpoint of the trench using a 
point probe. The measured nanotube temperature is 
T, = 324.5K for € =1.5 wm and T, = 3264K for 
& = 3.5 um. 


Temperature measurement 


A Laser irradiation 
s/2. —— 


T., = Tx, = 300 K 
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Carbon nanotube 
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Determine the two contact resistances, R,., and R,..p 
at the left and right ends of the nanotube, respec- 
tively. The experiment is performed in a vacuum with 
To = 300 K. The nanotube thermal conductivity and 
diameter are k,, = 3100W/m-K and D= 14nm, 
respectively. 


A probe of overall length L = 200 mm and diameter D = 
12.5 mm is inserted through a duct wall such that a por- 
tion of its length, referred to as the immersion length L,, 
is in contact with the water stream whose temperature, 
T-»,, 18 to be determined. The convection coefficients 
over the immersion and ambient-exposed lengths are 
h, = 1100 W/m*-K and h, = 10 W/m?:K, respectively. 
The probe has a thermal conductivity of 177 W/m: K and 
is in poor thermal contact with the duct wall. 
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(a) Derive an expression for evaluating the measure- 
ment error, AT.,, = Tip — T..,. Which is the differ- 
ence between the tip temperature, 7, and the 
water temperature, T,, ;. Hint: Define a coordinate 
system with the origin at the duct wall and treat 
the probe as two fins extending inward and out- 
ward from the duct, but having the same base tem- 
perature. Use Case A results from Table 3.4. 


(b) 


With the water and ambient air temperatures at 80 


and 20°C, respectively, calculate the measurement 
error, AT,,,, as a function of immersion length for 
the conditions L/L = 0.225, 0.425, and 0.625. 


Compute and plot the effects of probe thermal 


3.122 


Hot furnace +4 
wall 


conductivity and water velocity (h,) on the mea- 
surement error. 


A rod of diameter D = 25 mm and thermal conductiv- 
ity k = 60 W/m:K protrudes normally from a furnace 
wall that is at T,, = 200°C and is covered by insulation 
of thickness L;,, = 200 mm. The rod is welded to the 
furnace wall and is used as a hanger for supporting 
instrumentation cables. To avoid damaging the cables, 
the temperature of the rod at its exposed surface, T,,, 
must be maintained below a specified operating limit of 
Tmax = 100°C. The ambient air temperature is T., = 
25°C, and the convection coefficient ish = 15 W/m?-K. 


Air 
Ti 
—_— 
—— t 
Insulation 
oe >| 


(a) Derive an expression for the exposed surface temper- 
ature T, as a function of the prescribed thermal and 
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geometrical parameters. The rod has an exposed 
length L,, and its tip is well insulated. 


(b) | Will a rod with L, = 200 mm meet the specified 


operating limit? If not, what design parameters 
would you change? Consider another material, 
increasing the thickness of the insulation, and 
increasing the rod length. Also, consider how you 
might attach the base of the rod to the furnace wall 
as a means to reduce T,,. 


A metal rod of length 2L, diameter D, and thermal 
conductivity k is inserted into a perfectly insulating 
wall, exposing one-half of its length to an airstream 
that is of temperature T,, and provides a convection 
coefficient h at the surface of the rod. An electro- 
magnetic field induces volumetric energy generation at 
a uniform rate g within the embedded portion of the rod. 

“F220 

_ h= 100 Wim*K 


T, -Rod, D, k 


L=50mm 

x D=5mm 
k = 25 Wim-K 
qg= 1x 10° Wim? 


(a) Derive an expression for the steady-state tempera- 
ture T,, at the base of the exposed half of the rod. 
The exposed region may be approximated as a 
very long fin. 


(b) Derive an expression for the steady-state tempera- 
ture T, at the end of the embedded half of the rod. 


(c) Using numerical values provided in the schematic, 
plot the temperature distribution in the rod and 
describe key features of the distribution. Does the 
rod behave as a very long fin? 


A very long rod of 5-mm diameter and uniform thermal 
conductivity k = 25 W/m: K is subjected to a heat treat- 
ment process. The center, 30-mm-long portion of the 
rod within the induction heating coil experiences uni- 
form volumetric heat generation of 7.5 X 10° W/m’. 


ea 


Very long rod, 
5-mm dia. 


— 30 mm —>| 


The unheated portions of the rod, which protrude from 
the heating coil on either side, experience convection 
with the ambient air at T,, = 20°C and h = 10 W/m’-K. 
Assume that there is no convection from the surface of 
the rod within the coil. 


(a) Calculate the steady-state temperature T, of the rod 
at the midpoint of the heated portion in the coil. 


(b) Calculate the temperature of the rod 7, at the edge 
of the heated portion. 


3.125 From Problem 1.71, consider the wire leads connecting 


the transistor to the circuit board. The leads are of ther- 
mal conductivity k, thickness t, width w, and length L. 
One end of a lead is maintained at a temperature T, cor- 
responding to the transistor case, while the other end 
assumes the temperature 7, of the circuit board. During 
steady-state operation, current flow through the leads 
provides for uniform volumetric heating in the amount 
q, while there is convection cooling to air that is at T., 
and maintains a convection coefficient h. 


Transistor 
case(T..) 
Wire 
lead(k) 

x 


y 


Circuit 
board(T,,) 


(a) Derive an equation from which the temperature 
distribution in a wire lead may be determined. List 
all pertinent assumptions. 


(b) Determine the temperature distribution in a wire 
lead, expressing your results in terms of the pre- 
scribed variables. 


3.126 Turbine blades mounted to a rotating disc in a gas 


turbine engine are exposed to a gas stream that is at 
T.. = 1200°C and maintains a convection coefficient 
of h = 250 W/m’: K over the blade. 


Blade tip 


= 


as streal 


_ Air coolant — 
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The blades, which are fabricated from Inconel, 
k ~ 20 W/m-K, have a length of L = 50 mm. The 
blade profile has a uniform cross-sectional area of 
A, = 6 X 10+ m’ and a perimeter of P = 110 mm. A 
proposed blade-cooling scheme, which involves 
routing air through the supporting disc, is able to 
maintain the base of each blade at a temperature of 
T, = 300°C. 


(a) If the maximum allowable blade temperature is 
1050°C and the blade tip may be assumed to be adi- 
abatic, is the proposed cooling scheme satisfactory? 


(b) For the proposed cooling scheme, what is the rate 
at which heat is transferred from each blade to the 
coolant? 


In a test to determine the friction coefficient jw associ- 
ated with a disk brake, one disk and its shaft are 
rotated at a constant angular velocity w, while an 
equivalent disk/shaft assembly is stationary. Each disk 
has an outer radius of r,; = 180 mm, a shaft radius of 
r, = 20 mm, a thickness of tf = 12 mm, and a thermal 
conductivity of k= 15 W/m:K. A known force F' is 
applied to the system, and the corresponding torque 7 
required to maintain rotation is measured. The disk 
contact pressure may be assumed to be uniform (i.e., 
independent of location on the interface), and the disks 
may be assumed to be well insulated from the sur- 
roundings. 


t—> <— 


pe " 


“S| |-— Disk interface, 
1 friction coefficient, u 


(a) Obtain an expression that may be used to evaluate 
p from known quantities. 


(b) For the region r, = r S 75, determine the radial 
temperature distribution 7(r) in the disk, where 
T(r,) = T, is presumed to be known. 

(c) Consider test conditions for which F = 200 N, 
w = 40 rad/s, T = 8 N-m, and 7, = 80°C. Evalu- 
ate the friction coefficient and the maximum disk 
temperature. 


Consider an extended surface of rectangular cross sec- 
tion with heat flow in the longitudinal direction. 


In this problem we seek to determine conditions for 
which the transverse (y-direction) temperature differ- 
ence within the extended surface is negligible com- 
pared to the temperature difference between the surface 
and the environment, such that the one-dimensional 
analysis of Section 3.6.1 is valid. 


(a) Assume that the transverse temperature distribu- 
tion is parabolic and of the form 


TQ) — T(x) _ (y? 

Tx) — Tox) \F 
where 7,(x) is the surface temperature and T,(x) 
is the centerline temperature at any x-location. 
Using Fourier’s law, write an expression for the 


conduction heat flux at the surface, g/(t), in terms 
of T, and T.. 


Write an expression for the convection heat flux at 
the surface for the x-location. Equating the two 
expressions for the heat flux by conduction and 
convection, identify the parameter that determines 
the ratio (T, — T,)(T, — T.). 

From the foregoing analysis, develop a 
criterion for establishing the validity of the one- 
dimensional assumption used to model an 
extended surface. 


(b) 


(c) 


Simple Fins 
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A long, circular aluminum rod is attached at one end 
to a heated wall and transfers heat by convection to a 
cold fluid. 


(a) If the diameter of the rod is tripled, by how much 
would the rate of heat removal change? 


(b) If a copper rod of the same diameter is used in 
place of the aluminum, by how much would the 
rate of heat removal change? 


A brass rod 100 mm long and 5 mm in diameter 
extends horizontally from a casting at 200°C. The rod 
is in an air environment with T,, = 20°C and h = 30 
W/m? - K. What is the temperature of the rod 25, 50, 
and 100 mm from the casting? 


218 


3.131 


3.132 


3.133 


3.134 


Chapter 3. = One-Dimensional, Steady-State Conduction 


The extent to which the tip condition affects the ther- 
mal performance of a fin depends on the fin geometry 
and thermal conductivity, as well as the convection 


3.135 


coefficient. Consider an alloyed aluminum (k= 
180 W/m-K) rectangular fin of length L = 10 mm, 
thickness t = 1 mm, and width w > t. The base tem- 
perature of the fin is T, = 100°C, and the fin is exposed 
to a fluid of temperature T,, = 25°C. 


(a) Assuming a uniform convection coefficient of h = 
100 W/m?- K over the entire fin surface, deter- 
mine the fin heat transfer rate per unit width q, 
efficiency y,, effectiveness ¢,, thermal resistance 
per unit width R;;, and the tip temperature 7(L) for 
Cases A and B of Table 3.4. Contrast your results 


with those based on an infinite fin approximation. 


(b) 


Explore the effect of variations in the convection 


coefficient on the heat rate for 10 <h< 1000 
W/m?-K. Also consider the effect of such varia- 
tions for a stainless steel fin (k = 15 W/m:K). 


A pin fin of uniform, cross-sectional area is fabricated 
of an aluminum alloy (k = 160 W/m:K). The fin 
diameter is D = 4mm, and the fin is exposed to con- 
vective conditions characterized by h = 220 W/m’: K. 
It is reported that the fin efficiency is ny = 0.65. Deter- 
mine the fin length L and the fin effectiveness e,. 
Account for tip convection. 


The extent to which the tip condition affects the thermal 
performance of a fin depends on the fin geometry and 
thermal conductivity, as well as the convection coeffi- 
cient. Consider an alloyed aluminum (k = 180 W/m- kK) 
rectangular fin whose base temperature is JT, = 100°C. 
The fin is exposed to a fluid of temperature T,, = 25°C, 
and a uniform convection coefficient of h = 100 
W/m’: K may be assumed for the fin surface. 


(a) For a fin of length L=10mm, thickness 
t = 1 mm, and width w > ¢, determine the fin heat 
transfer rate per unit width Ip efficiency n,, effec- 
tiveness ¢,, thermal resistance per unit width R;,, 
and tip temperature 7(L) for Cases A and B of 
Table 3.4. Contrast your results with those based 
on an infinite fin approximation. 


(b) 


Explore the effect of variations in L on the heat rate 


for 3 < L< 50mm. Also consider the effect of such 
variations for a stainless steel fin (k = 15 W/m-K). 


A straight fin fabricated from 2024 aluminum alloy 
(k = 185 W/m:K) has a base thickness of t = 3 mm 
and a length of L = 15 mm. Its base temperature is 
T, = 100°C, and it is exposed to a fluid for which 
T.. = 20°C and h = 50 W/m’:K. For the foregoing 
conditions and a fin of unit width, compare the fin heat 
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rate, efficiency, and volume for rectangular, triangular, 
and parabolic profiles. 


Triangular and parabolic straight fins are subjected to 
the same thermal conditions as the rectangular straight 
fin of Problem 3.134. 


(a) Determine the length of a triangular fin of unit width 
and base thickness t = 3 mm that will provide the 
same fin heat rate as the straight rectangular fin. 
Determine the ratio of the mass of the triangular 
straight fin to that of the rectangular straight fin. 


(b) Repeat part (a) for a parabolic straight fin. 


Two long copper rods of diameter D = 10 mm are sol- 
dered together end to end, with solder having a melt- 
ing point of 650°C. The rods are in air at 25°C with a 
convection coefficient of 10 W/m?:K. What is the 
minimum power input needed to effect the soldering? 


Circular copper rods of diameter D= 1mm and 
length L = 25 mm are used to enhance heat transfer 
from a surface that is maintained at T,, = 100°C. One 
end of the rod is attached to this surface (at x = 0), 
while the other end (x = 25 mm) is joined to a second 
surface, which is maintained at T,, = 0°C. Air flowing 
between the surfaces (and over the rods) is also at a 
temperature of T,, = 0°C, and a convection coefficient 
of h = 100 W/m’: K is maintained. 


(a) What is the rate of heat transfer by convection 
from a single copper rod to the air? 


(b) What is the total rate of heat transfer from a 
1m X 1m section of the surface at 100°C, if a 
bundle of the rods is installed on 4-mm centers? 


During the initial stages of the growth of the nanowire 
of Problem 3.109, a slight perturbation of the liquid 
catalyst droplet can cause it to be suspended on the top 
of the nanowire in an off-center position. The resulting 
nonuniform deposition of solid at the solid-liquid 
interface can be manipulated to form engineered shapes 
such as a nanospring, that is characterized by a spring 
radius r, spring pitch s, overall chord length L,. (length 
running along the spring), and end-to-end length L, as 
shown in the sketch. Consider a silicon carbide 
nanospring of diameter D = 15nm, r = 30nm, s = 
25 nm, and L, = 425 nm. From experiments, it is known 
that the average spring pitch s varies with average tem- 
perature T by the relation ds/dT = 0.1 nm/K. Using 
this information, a student suggests that a nanoactuator 
can be constructed by connecting one end of the 
nanospring to a small heater and raising the tempera- 
ture of that end of the nano spring above its initial value. 
Calculate the actuation distance AL for conditions 
where h = 10° W/m?-K, T., = T; = 25°C, with a base 
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temperature of 7, = 50°C. If the base temperature can 
be controlled to within 1°C, calculate the accuracy to 
which the actuation distance can be controlled. Hint: 
Assume the spring radius does not change when the 
spring is heated. The overall spring length may be 
approximated by the formula, 


5 L, 


© lay (Gay 


Consider two long, slender rods of the same diameter 
but different materials. One end of each rod is 
attached to a base surface maintained at 100°C, while 
the surfaces of the rods are exposed to ambient air at 
20°C. By traversing the length of each rod with a ther- 
mocouple, it was observed that the temperatures of 
the rods were equal at the positions x, = 0.15 m and 
Xz = 0.075 m, where x is measured from the base 
surface. If the thermal conductivity of rod A is known 
to be k, = 70 W/m - K, determine the value of kg 
for rod B. 


A 40-mm-long, 2-mm-diameter pin fin is fabricated of 
an aluminum alloy (k = 140 W/m: K). 


(a) Determine the fin heat transfer rate for T,, = 50°C, 
T., = 25°C, h = 1000 W/m? K, and an adiabatic 
tip condition. 


(b) An engineer suggests that by holding the fin tip at 
a low temperature, the fin heat transfer rate can be 
increased. For T(x = L) = 0°C, determine the new 
fin heat transfer rate. Other conditions are as in 
part (a). 

(c) Plot the temperature distribution, T(x), over the 
range 0=x=<L for the adiabatic tip case and 
the prescribed tip temperature case. Also show the 
ambient temperature in your graph. Discuss relevant 
features of the temperature distribution. 


(d 


YS 


Plot the fin heat transfer rate over the range 
0 <h < 1000 W/m’:K for the adiabatic tip case 
and the prescribed tip temperature case. For the 
prescribed tip temperature case, what would the 
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calculated fin heat transfer rate be if Equation 
3.78 were used to determine q, rather than Equa- 
tion 3.76? 


3.141 An experimental arrangement for measuring the ther- 


mal conductivity of solid materials involves the use of 
two long rods that are equivalent in every respect, 
except that one is fabricated from a standard material 
of known thermal conductivity k, while the other is 
fabricated from the material whose thermal conductiv- 
ity kp is desired. Both rods are attached at one end to a 
heat source of fixed temperature T,, are exposed to a 
fluid of temperature 7.,, and are instrumented with 
thermocouples to measure the temperature at a fixed 
distance x, from the heat source. If the standard mater- 
ial is aluminum, with k, = 200 W/m- K, and measure- 
ments reveal values of T, = 75°C and T, = 60°C at x, 
for T, = 100°C and T,, = 25°C, what is the thermal 
conductivity kg of the test material? 


Fin Systems and Arrays 


3.142 Finned passages are frequently formed between paral- 


lel plates to enhance convection heat transfer in com- 
pact heat exchanger cores. An important application is 
in electronic equipment cooling, where one or more 
air-cooled stacks are placed between heat-dissipating 
electrical components. Consider a single stack of rec- 
tangular fins of length L and thickness ft, with convec- 
tion conditions corresponding to h and T.,. 


}« 200 mm > 


Air —T, 


(a) Obtain expressions for the fin heat transfer rates, 
Go and q,;, in terms of the base temperatures, 7, 
and T,. 


(b) In a specific application, a stack that is 200mm 
wide and 100mm deep contains 50 fins, each of 
length L = 12 mm. The entire stack is made from 
aluminum, which is everywhere 1.0mm thick. If 
temperature limitations associated with electrical 
components joined to opposite plates dictate maxi- 
mum allowable plate temperatures of T, = 400K 
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and T, = 350 K, what are the corresponding maxi- 
mum power dissipations if h = 150 W/m?+K and 
T., = 300 K? 


The fin array of Problem 3.142 is commonly found 
in compact heat exchangers, whose function is to 
provide a large surface area per unit volume in trans- 
ferring heat from one fluid to another. Consider con- 
ditions for which the second fluid maintains equiva- 
lent temperatures at the parallel plates, 7, = T,, 
thereby establishing symmetry about the midplane of 
the fin array. The heat exchanger is 1 m long in the 
direction of the flow of air (first fluid) and 1 m wide 
in a direction normal to both the airflow and the fin 
surfaces. The length of the fin passages between 
adjoining parallel plates is L = 8mm, whereas the 
fin thermal conductivity and convection coefficient are 
k = 200 W/m:K (aluminum) and h = 150 W/m?-K, 
respectively. 


(a) If the fin thickness and pitch are t = 1 mm and 
S = 4mm, respectively, what is the value of the 
thermal resistance R,, for a one-half section of 
the fin array? 


(b) 


Subject to the constraints that the fin thickness and 


pitch may not be less than 0.5 and 3 mm, respec- 
tively, assess the effect of changes in ¢ and S. 


An isothermal silicon chip of width W = 20 mm on a 
side is soldered to an aluminum heat sink (k = 
180 W/m: K) of equivalent width. The heat sink has a 
base thickness of L, = 3 mm and an array of rectangu- 
lar fins, each of length L,= 15 mm. Airflow at T,, = 
20°C is maintained through channels formed by the 
fins and a cover plate, and for a convection coefficient 
of h=100W/m?:K, a minimum fin spacing of 
1.8 mm is dictated by limitations on the flow pressure 
drop. The solder joint has a thermal resistance of 
Ri. =2 X 10°° m?: K/W. 


Chip, Ter de 
Solder, RY. 


Heat sink, k 


Cover plate 


(a) Consider limitations for which the array has 
N = 11 fins, in which case values of the fin thickness 
t = 0.182 mm and pitch § = 1.982 mm are obtained 
from the requirements that W = (N — 1)S +t and 
S—t=1.8mm. If the maximum allowable chip 
temperature is J, = 85°C, what is the corresponding 
value of the chip power g.? An adiabatic fin tip con- 
dition may be assumed, and airflow along the outer 
surfaces of the heat sink may be assumed to provide 
a convection coefficient equivalent to that associated 
with airflow through the channels. 


[(b)|With (S—1) and h fixed at 1.8mm and 100 
W/m’: K, respectively, explore the effect of increas- 
ing the fin thickness by reducing the number of fins. 
With N=11 and S—t fixed at 1.8mm, but 
relaxation of the constraint on the pressure drop, 
explore the effect of increasing the airflow, and 
hence the convection coefficient. 


3.145 As seen in Problem 3.109, silicon carbide nanowires of 


diameter D = 15 nm can be grown onto a solid silicon 
carbide surface by carefully depositing droplets of cata- 
lyst liquid onto a flat silicon carbide substrate. Silicon 
carbide nanowires grow upward from the deposited 
drops, and if the drops are deposited in a pattern, an 
array of nanowire fins can be grown, forming a silicon 
carbide nano-heat sink. Consider finned and unfinned 
electronics packages in which an extremely small, 
10 um X 10m electronics device is sandwiched 
between two d = 100-nm-thick silicon carbide sheets. In 
both cases, the coolant is a dielectric liquid at 20°C. A 
heat transfer coefficient of h = 1 X 10° W/m?*:K exists 
on the top and bottom of the unfinned package and on all 
surfaces of the exposed silicon carbide fins, which are 
each L = 300 nm long. Each nano-heat sink includes a 
200 X 200 array of nanofins. Determine the maximum 
allowable heat rate that can be generated by the elec- 
tronic device so that its temperature is maintained at 
T, < 85°C for the unfinned and finned packages. 


ele 
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3.146 As more and more components are placed on a 


}<—W = 12.7 mm—>| 


3.147 


Top view 


single integrated circuit (chip), the amount of heat 
that is dissipated continues to increase. However, 
this increase is limited by the maximum allowable 
chip operating temperature, which is approximately 
75°C. To maximize heat dissipation, it is proposed 
that a 4 X 4 array of copper pin fins be metallurgi- 
cally joined to the outer surface of a square chip that 
is 12.7 mm ona side. 


Sideview 


Pin fins, D, 


a 200 mm 
| 
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(a) Sketch the equivalent thermal circuit for the pin— 
chip—board assembly, assuming one-dimensional, 
steady-state conditions and negligible contact 
resistance between the pins and the chip. In vari- 
able form, label appropriate resistances, tempera- 
tures, and heat rates. 

(b) For the conditions prescribed in Problem 3.27, 

what is the maximum rate at which heat can be 

dissipated in the chip when the pins are in place? 

That is, what is the value of g, for T, = 75°C? The 

pin diameter and length are D, = 1.5mm and 

L, = 15 mm. 


A homeowner’s wood stove is equipped with a top 
burner for cooking. The D = 200-mm-diameter burner 
is fabricated of cast iron (k = 65 W/m:K). The bottom 
(combustion) side of the burner has 8 straight fins of uni- 
form cross section, arranged as shown in the sketch. A 
very thin ceramic coating (¢ = 0.95) is applied to all sur- 
faces of the burner. The top of the burner is exposed to 
room conditions (Tyy., = Too, = 20°C, h, = 40 W/m’: K), 
while the bottom of the burner is exposed to combus- 
tion conditions (Ty, = T. = 450°C, h, = 50 Wim? K). 
Compare the top surface temperature of the finned 
burner to that which would exist for a burner without 
fins. Hint: Use the same expression for radiation heat 
transfer to the bottom of the finned burner as for the 
burner with no fins. 
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In Problem 3.146, the prescribed value of h, = 1000 
W/m’: K is large and characteristic of liquid cooling. In 
practice it would be far more preferable to use air cool- 
ing, for which a reasonable upper limit to the convec- 
tion coefficient would be h, = 250 W/m’: K. Assess the 
effect of changes in the pin fin geometry on the chip 
heat rate if the remaining conditions of Problem 3.146, 
including a maximum allowable chip temperature of 
75°C, remain in effect. Parametric variations that may 
be considered include the total number of pins N in the 
square array, the pin diameter D,,, and the pin length L,,. 
However, the product N'’D, should not exceed 9 mm 
to ensure adequate airflow passage through the array. 
Recommend a design that enhances chip cooling. 


Water is heated by submerging 50-mm-diameter, thin- 
walled copper tubes in a tank and passing hot combus- 
tion gases (T, = 750 K) through the tubes. To enhance 
heat transfer to the water, four straight fins of uniform 
cross section, which form a cross, are inserted in each 
tube. The fins are 5 mm thick and are also made of 
copper (k = 400 W/m: kK). 


D=50 mm 


T, = 350 K 
Water 


Fins (t= 5 mm) 


Tube wall 


If the tube surface temperature is T, = 350 K and the 
gas-side convection coefficient is h, = 30 W/m?:K, 
what is the rate of heat transfer to the water per meter 
of pipe length? 


As a means of enhancing heat transfer from high- 
performance logic chips, it is common to attach a 
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heat sink to the chip surface in order to increase the 
surface area available for convection heat transfer. 
Because of the ease with which it may be manufac- 
tured (by taking orthogonal sawcuts in a block of 
material), an attractive option is to use a heat sink 
consisting of an array of square fins of width w on a 
side. The spacing between adjoining fins would be 
determined by the width of the sawblade, with the 
sum of this spacing and the fin width designated as 
the fin pitch S$. The method by which the heat sink is 
joined to the chip would determine the interfacial 
contact resistance, R7.. 


Ww >| 


c 


am 


Heat sink 
Top View 


Square fins 
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Interface, 


Consider a square chip of width W, = 16 mm and 
conditions for which cooling is provided by a dielec- 
tric liquid with T,, = 25°C and h = 1500 W/m’: K. The 
heat sink is fabricated from copper (k = 400 W/m: K), 
and its characteristic dimensions are w = 0.25 mm, 
S = 0.50 mm, L; = 6 mm, and L, = 3 mm. The pre- 
scribed values of w and S represent minima imposed 
by manufacturing constraints and the need to maintain 
adequate flow in the passages between fins. 


(a) If a metallurgical joint provides a contact resis- 
tance of R’.= 5 X 10° m’-K/W and the maxi- 
mum allowable chip temperature is 85°C, what is 
the maximum allowable chip power dissipation 
qe? Assume all of the heat to be transferred 
through the heat sink. 


(b) 


It may be possible to increase the heat dissipation 


by increasing w, subject to the constraint that 
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(S — w) = 0.25 mm, and/or increasing Ly (subject 
to manufacturing constraints that L; = 10 mm). 
Assess the effect of such changes. 


Because of the large number of devices in today’s PC 
chips, finned heat sinks are often used to maintain the 
chip at an acceptable operating temperature. Two fin 
designs are to be evaluated, both of which have base 
(unfinned) area dimensions of 53 mm X 57 mm. The 
fins are of square cross section and fabricated from an 
extruded aluminum alloy with a thermal conductivity 
of 175 W/m- K. Cooling air may be supplied at 25°C, 
and the maximum allowable chip temperature is 75°C. 
Other features of the design and operating conditions 
are tabulated. 


Fin Dimensions 


Convection 

Cross Section Length Numberof Coefficient 

Design wXw(mm) L(mm) Finsin Array (W/m?-K) 
A 3x3 30 6x9 125 
B 1x1 a 14x17 375 


}<—_——— 57 mm ————+>| 


— mm—| 


3mmx3mm_ T, = 75°C 
cross section 
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—5A4 pins, 9 x 6 array 
(Design A) 


Determine which fin arrangement is superior. In your 
analysis, calculate the heat rate, efficiency, and effec- 
tiveness of a single fin, as well as the total heat rate 
and overall efficiency of the array. Since real estate 
inside the computer enclosure is important, compare 
the total heat rate per unit volume for the two designs. 


Consider design B of Problem 3.151. Over time, dust 
can collect in the fine grooves that separate the 
fins. Consider the buildup of a dust layer of thickness 
L,, as shown in the sketch. Calculate and plot the total 
heat rate for design B for dust layers in the range 0 = 
Ly = 5 mm. The thermal conductivity of the dust can 
be taken as k, = 0.032 W/m:K. Include the effects of 
convection from the fin tip. 
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while air at T..,, = 25°C flows through the annular 
region formed by the larger concentric tube. 


Dust 
Air 
EO 
1mm XxX 1mm T,= 75°C ater 
cross section Te 


3.153 A long rod of 20-mm diameter and a thermal conduc- 
tivity of 1.5 W/m:K has a uniform internal volumetric 
thermal energy generation of 10° W/m°. The rod is cov- 
ered with an electrically insulating sleeve of 2-mm : ae 
thickness and thermal conductivity of 0.5 W/m:K. A spi- (a) Sketch the equivalent thermal circuit of the heater 
Hey aah ibe and duacndions av ctiawa ia the cbeich and relate each thermal resistance to appropriate 
has a thermal conductivity of 175 W/m: K, and is used to Sy Stel parameters. 


support the rod and to maintain concentricity with an 80- (b) If h, = 5000 W/m?-K and h, = 200 W/m’:K, 

mm-diameter tube. Air at T,, = 25°C passes over the spi- what is the heat rate per unit length? 

der surface, and the convection coefficient is 20 W/m? K, (c)|Assess the effect of increasing the number of fins 

The outer surface of the tube is well insulated. N and/or the fin thickness ¢ on the heat rate, sub- 
We wish to increase volumetric heating within the ject to the constraint that Nt < 50 mm. 


rod, while not allowing its centerline temperature to 
exceed 100°C. Determine the impact of the following 
changes, which may be effected independently or con- 
currently: (i) increasing the air speed and hence the con- 
vection coefficient; (ii) changing the number and/or 
thickness of the ribs; and (iii) using an electrically non- 
conducting sleeve material of larger thermal conductivity 
(e.g., amorphous carbon or quartz). Recommend a realis- 
tic configuration that yields a significant increase in q. 3.156 Heat is uniformly generated at the rate of 2 X 10° 
Spider with W/m? in a wall of thermal conductivity 25 W/m-K 
12 ribs Tube and thickness 60 mm. The wall is exposed to convec- 
aS tion on both sides, with different heat transfer coeffi- 
: ; . cients and temperatures as shown. There are straight 
Insulating —7A\S\S UEP (: ; rectangular fins on the right-hand side of the wall, with 
= 4 < 5 "3 dimensions as shown and thermal conductivity of 
bas A, - — bar, 250 W/m: K. What is the maximum temperature that 
° “ : will occur in the wall? 


3.155 Determine the percentage increase in heat transfer asso- 
ciated with attaching aluminum fins of rectangular pro- 
file to a plane wall. The fins are 50 mm long, 0.5 mm 
thick, and are equally spaced at a distance of 4 mm (250 
fins/m). The convection coefficient associated with the 
bare wall is 40 W/m?-K, while that resulting from 
attachment of the fins is 30 W/m?: K. 


Rod, ¢ 


ry=12mm ry=17 mm 
r3=40mm t=4mm 
L=r3-1r9=23 mm 


3.154 An air heater consists of a steel tube (k = 20 W/m-K), 


with inner and outer radii of r; = 13 mm andr, = 16 |, = 50 W/mK (o- 12 Wim2sK 


mm, respectively, and eight integrally machined longi- 1 = 30°C d @.2= 15°c 


tudinal fins, each of thickness t= 3 mm. The fins 
extend to a concentric tube, which is of radius r; = 
40 mm and insulated on its outer surface. Water at a 
temperature T., ; = 90°C flows through the inner tube, 
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3.157 


3.158 


3.159 


3.160 


<r, = 60 mm ———>| 
<r, = 66 mm ————>| 
|}; = 70 mm 


<= 95 mm 
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Aluminum fins of triangular profile are attached to a 
plane wall whose surface temperature is 250°C. The 
fin base thickness is 2 mm, and its length is 6 mm. 
The system is in ambient air at a temperature 
of 20°C, and the surface convection coefficient is 
40 W/m?:K. 

(a) What are the fin efficiency and effectiveness? 


(b) What is the heat dissipated per unit width by a 
single fin? 


An annular aluminum fin of rectangular profile is 
attached to a circular tube having an outside diameter 
of 25 mm and a surface temperature of 250°C. The fin 
is 1 mm thick and 10 mm long, and the temperature 
and the convection coefficient associated with the 
adjoining fluid are 25°C and 25 W/m’: K, respectively. 
(a) What is the heat loss per fin? 


(b) If 200 such fins are spaced at 5-mm increments 
along the tube length, what is the heat loss per 
meter of tube length? 


Annular aluminum fins of rectangular profile are attached 
to a circular tube having an outside diameter of 50 mm 
and an outer surface temperature of 200°C. The fins are 
4 mm thick and 15 mm long. The system is in ambient air 
at a temperature of 20°C, and the surface convection 
coefficient is 40 W/m? « K. 


(a) What are the fin efficiency and effectiveness? 


(b) If there are 125 such fins per meter of tube length, 
what is the rate of heat transfer per unit length 
of tube? 


It is proposed to air-cool the cylinders of a combustion 
chamber by joining an aluminum casing with annu- 
lar fins (k = 240 W/m-K) to the cylinder wall (k = 
50 W/m: K). 


Cylinder wall Aluminum casing 


T, T, 


The air is at 320 K and the corresponding convection 
coefficient is 100 W/m?-K. Although heating at the 
inner surface is periodic, it is reasonable to assume 
steady-state conditions with a time-averaged heat flux of 


3.161 


3.162 


gq) = 10° W/m*. Assuming negligible contact resistance 
between the wall and the casing, determine the wall inner 
temperature T,, the interface temperature T,, and the fin 
base temperature T,,. Determine these temperatures if the 
interface contact resistance is R)’. = 1074 m?- K/W. 


Consider the air-cooled combustion cylinder of Problem 
3.160, but instead of imposing a uniform heat flux at 
the inner surface, consider conditions for which the 
time-averaged temperature of the combustion gases is 
T, = 1100 K and the corresponding convection coeffi- 
cient is h, = 150 W/m?-K. All other conditions, 
including the cylinder/casing contact resistance, 
remain the same. Determine the heat rate per unit 
length of cylinder (W/m), as well as the cylinder inner 
temperature T;, the interface temperatures T, ; and T, ,, 
and the fin base temperature 7,. Subject to the con- 
straint that the fin gap is fixed at 6 = 2 mm, assess the 
effect of increasing the fin thickness at the expense of 
reducing the number of fins. 


Heat transfer from a transistor may be enhanced by 
inserting it in an aluminum sleeve (k = 200 W/m: kK) 
having 12 integrally machined longitudinal fins on its 
outer surface. The transistor radius and height are r; = 
2.5 mm and H = 4 mm, respectively, while the fins are 
of length L =r; —1r,= 8mm and uniform thickness 
t = 0.8 mm. The thickness of the sleeve base is 7, — 7, = 
1 mm, and the contact resistance of the sleeve-transistor 
interface is R’. = 0.6 X 10-3 m?+ K/W. Air at T., = 20°C 
flows over the fin surface, providing an approximately 
uniform convection coeffficient of h = 30 W/m?:K. 


Sleeve with 
longitudinal fins 


(a) When the transistor case temperature is 80°C, what 
is the rate of heat transfer from the sleeve? 


(b) 


Identify all of the measures that could be taken to 


improve design and/or operating conditions, such 
that heat dissipation may be increased while still 
maintaining a case temperature of 80°C. In words, 
assess the relative merits of each measure. Choose 
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what you believe to be the three most promising 
measures, and numerically assess the effect of cor- 
responding changes in design and/or operating con- 
ditions on thermal performance. 


Consider the conditions of Problem 3.149 but now allow 
for a tube wall thickness of 5 mm (inner and outer diam- 
eters of 50 and 60mm), a fin-to-tube thermal contact 
resistance of 10°* m’- K/W, and the fact that the water 
temperature, T,, = 350 K, is known, not the tube surface 
temperature. The water-side convection coefficient is 
h,, = 2000 W/m? K. Determine the rate of heat transfer 
per unit tube length (W/m) to the water. What would be 
the separate effect of each of the following design 
changes on the heat rate: (i) elimination of the contact 
resistance; (ii) increasing the number of fins from four to 
eight; and (iii) changing the tube wall and fin material 
from copper to AISI 304 stainless steel (k = 20 
W/m: Kk)? 


A scheme for concurrently heating separate water and 
air streams involves passing them through and over 
an array of tubes, respectively, while the tube wall is 
heated electrically. To enhance gas-side heat transfer, 
annular fins of rectangular profile are attached to the 
outer tube surface. Attachment is facilitated with a 
dielectric adhesive that electrically isolates the fins from 
the current-carrying tube wall. 


Gas flow 


Adhesive, Ri’. 
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(a) Assuming uniform volumetric heat generation 
within the tube wall, obtain expressions for the 
heat rate per unit tube length (W/m) at the inner 
(r;) and outer (r,) surfaces of the wall. Express 
your results in terms of the tube inner and outer 
surface temperatures, T,; and T,,,, and other perti- 
nent parameters. 


0? 


(b) 


Obtain expressions that could be used to determine 
T,; and T,,, in terms of parameters associated with 


5,0 


the water- and air-side conditions. 


Consider conditions for which the water and air 


(c) 


are at T..; = T.,, = 300 K, with corresponding 
convection coefficients of h; = 2000 W/m?:K and 
h, = 100 W/m’: K. Heat is uniformly dissipated in 
a stainless steel tube (k,, = 15 W/m-K), having 
inner and outer radii of r; = 25 mm and r, = 30 
mm, and aluminum fins (¢ = 6 = 2 mm, r, = 55 
mm) are attached to the outer surface, with R/, = 
10-* m?:K/W. Determine the heat rates and tem- 
peratures at the inner and outer surfaces as a func- 
tion of the rate of volumetric heating g. The upper 
limit to g will be determined by the constraints that 
T,,, not exceed the boiling point of water (100°C) 
and T,,, not exceed the decomposition temperature 
of the adhesive (250°C). 


The Bioheat Equation 
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Consider the conditions of Example 3.12, except that 
the person is now exercising (in the air environment), 
which increases the metabolic heat generation rate 
by a factor of 8, to 5600 W/m*. At what rate would 
the person have to perspire (in liters/s) to maintain the 
same skin temperature as in that example? 


Consider the conditions of Example 3.12 for an air 
environment, except now the air and surroundings 
temperatures are both 15°C. Humans respond to cold 
by shivering, which increases the metabolic heat 
generation rate. What would the metabolic heat gener- 
ation rate (per unit volume) have to be to maintain a 
comfortable skin temperature of 33°C under these con- 
ditions? 


Consider heat transfer in a forearm, which can be 
approximated as a cylinder of muscle of radius 50 mm 
(neglecting the presence of bones), with an outer layer 
of skin and fat of thickness 3 mm. There is metabolic 
heat generation and perfusion within the muscle. The 
metabolic heat generation rate, perfusion rate, arterial 
temperature, and properties of blood, muscle, and 
skin/fat layer are identical to those in Example 3.12. 
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Skin/fat 


Muscle 
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The environment and surroundings are the same as for 
the air environment in Example 3.12. 


r,=50 mm 


6, = 3mm 


(a) Write the bioheat transfer equation in radial coor- 
dinates. Write the boundary conditions that 
express symmetry at the centerline of the forearm 
and specified temperature at the outer surface of 
the muscle. Solve the differential equation and 
apply the boundary conditions to find an expres- 
sion for the temperature distribution. Note that the 
derivatives of the modified Bessel functions are 
given in Section 3.6.4. 


(b) Equate the heat flux at the outer surface of the 
muscle to the heat flux through the skin/fat layer 
and into the environment to determine the temper- 
ature at the outer surface of the muscle. 


(c) Find the maximum forearm temperature. 


Thermoelectric Power Generation 
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For one of the M = 48 modules of Example 3.13, deter- 
mine a variety of different efficiency values concerning 
the conversion of waste heat to electrical energy. 

(a) Determine the thermodynamic efficiency, hem = 
Py=/q- 

Determine the figure of merit ZT for one module, 
and the thermoelectric efficiency, 7; using Equa- 
tion 3.128. 


Determine the Carnot efficiency, Ncamot = 


(b) 


(c) 
(d) 


(<7. 


Determine both the thermoelectric efficiency and the 
Carnot efficiency for the case where h, = h, > %. 
(e) The energy conversion efficiency of thermoelec- 
tric devices is commonly reported by evaluating 
Equation 3.128, but with 7T.,, and T.,. used 
instead of 7, and 7>, respectively. Determine the 
value of 77, based on the inappropriate use of T,, , 
and T,, 5, and compare with your answers for parts 
(b) and (d). 


One of the thermoelectric modules of Example 3.13 is 
installed between a hot gas at T..., = 450°C and a cold 
gas at T.,5 = 20°C. The convection coefficient associated 


with the flowing gases is h = h, = h, = 80 W/m’:K 
while the electrical resistance of the load is R,joaq = 4. 


e€ 


Heat 


Cover plate 


sink 1,k 
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(a) Sketch the equivalent thermal circuit and deter- 
mine the electric power generated by the module 
for the situation where the hot and cold gases pro- 
vide convective heating and cooling directly to the 
module (no heat sinks). 


(b) Two heat sinks (k = 180 W/m:K; see sketch), 
each with a base thickness of L, = 4mm and fin 
length L; = 20 mm, are soldered to the upper and 
lower sides of the module. The fin spacing is 
3 mm, while the solder joints each have a thermal 
resistance of RY. = 2.5 X 10°°m*:K/W. Each 
heat sink has N = 11 fins, so that t = 2.182 mm 
and §=5.182mm, as determined from the 
requirements that W=(N-—1)S+t and 
S —t=3mm. Sketch the equivalent thermal cir- 
cuit and determine the electric power generated 
by the module. Compare the electric power gener- 
ated to your answer for part (a). Assume adiabatic 
fin tips and convection coefficients that are the 
same as in part (a). 


Thermoelectric modules have been used to generate 
electric power by tapping the heat generated by wood 
stoves. Consider the installation of the thermoelectric 
module of Example 3.13 on a vertical surface of a 
wood stove that has a surface temperature of 
T, = 375°C. A thermal contact resistance of R”. = 5 
x 10° m’-K/W exists at the interface between the 
stove and the thermoelectric module, while the room 
air and walls are at T., = Ty, = 25°C. The exposed 
surface of the thermoelectric module has an emissiv- 
ity of e = 0.90 and is subjected to a convection coef- 
ficient of h = 15 W/m*:K. Sketch the equivalent 
thermal circuit and determine the electric power 
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generated by the module. The load electrical resis- 
tance is Rejoaq = 32. 


The electric power generator for an orbiting satellite 
is composed of a long, cylindrical uranium heat 
source that is housed within an enclosure of square 
cross section. The only way for heat that is gener- 
ated by the uranium to leave the enclosure is 
through four rows of the thermoelectric modules of 
Example 3.13. The thermoelectric modules generate 
electric power and also radiate heat into deep space 
characterized by T,,, = 4K. Consider the situation 
for which there are 20 modules in each row for 
a total of M = 4 X 20 = 80 modules. The modules 
are wired in series with an electrical load of 
Rejoaa = 250 O, and have an emissivity of ¢ = 0.93. 
Determine the electric power generated for E, ='1,.10, 
and 100 kW. Also determine the surface tempera- 
tures of the modules for the three thermal energy 
generation rates. 


sur 


2L—>| 


Heat source, E, 


Insulation 


Thermoelectric 
module, ¢ 


R 


‘e, load 


Rows of the thermoelectric modules of Example 3.13 
are attached to the flat absorber plate of Problem 3.108. 
The rows of modules are separated by L,.,. = 0.5 m and 
the backs of the modules are cooled by water at a tem- 
perature of T,, = 40°C, with h = 45 W/m?:K. 


Cover 
plate 


Evacuated 
space 
Absorber 
plate 


~ \\\< 


Water 


Lys 


Thermoelectric 
module 


Insulation 
h 


Determine the electric power produced by one row 
of thermoelectric modules connected in series electri- 
cally with a load resistance of 60 ©. Calculate the heat 
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transfer rate to the flowing water. Assume rows of 
20 immediately adjacent modules, with the lengths of 
both the module rows and water tubing to be 
Liow = 20W where W = 54mm is the module dimen- 
sion taken from Example 3.13. Neglect thermal con- 
tact resistances and the temperature drop across the 
tube wall, and assume that the high thermal conductiv- 
ity tube wall creates a uniform temperature around 
the tube perimeter. Because of the thermal resistance 
provided by the thermoelectric modules, it is no 
longer appropriate to assume that the temperature of 
the absorber plate directly above a tube is equal to that 
of the water. 


Micro- and Nanoscale Conduction 
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Determine the conduction heat transfer through an 
air layer held between two 10mm X 10 mm parallel 
aluminum plates. The plates are at temperatures 
T,, =305K and T,,= 295K, respectively, and 
the air is at atmospheric pressure. Determine the con- 
duction heat rate for plate spacings of L = 1mm, 
L = 1mm, and L = 10 nm. Assume a thermal accom- 
modation coefficient of a, = 0.92. 


Determine the parallel plate separation distance L, 
above which the thermal resistance associated with 
molecule-surface collisions R,,,-, is less than 1% of 
the resistance associated with molecule—molecule col- 
lisions, R,,—» for (i) air between steel plates with 
a, = 0.92 and (ii) helium between clean aluminum 
plates with a, = 0.02. The gases are at atmospheric 
pressure, and the temperature is T = 300 K. 


Determine the conduction heat flux through various plane 
layers that are subjected to boundary temperatures of 
T,, = 301K and T,, = 299 K at atmospheric pressure. 
Hint: Do not account for micro- or nanoscale effects 
within the solid, and assume the thermal accommodation 
coefficient for an aluminum-air interface is a, = 0.92. 


(a) Case A: The plane layer is aluminum. Determine 
the heat flux q* for L,,. = 600 jum and L,,, = 600 nm. 


Case B: Conduction occurs through an air layer. 
Determine the heat flux g* for L,., = 600 wm and 
Liot = 600 nm. 


Case C: The composite wall is composed of air held 
between two aluminum sheets. Determine the heat 
flux gq’ for L,., = 600 2m (with aluminum sheet 
thicknesses of 6 = 40 wm) and L,,, = 600 nm (with 
aluminum sheet thicknesses of 6 = 40 nm). 


(b) 


(c) 


(d) 


Case D: The composite wall is composed of 7 air 
layers interspersed between 8 aluminum sheets. 
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Determine the heat flux gq? for L,,, = 600 wm (with 
aluminum sheet and air layer thicknesses of 
6 = 40 pm) and L,, = 600nm (with aluminum 
sheet and air layer thicknesses of 6 = 40 nm). 


T,2 
L» x Liot > x Lot 
Case A . Case B ° 
Te 
— |< 
6 6 
- T,2 | Ts, 
Air Aluminum 
Li x L Lx io 
Case C “ Case D me 
3.176 The Knudsen number, Kn = A mip/L is a dimensionless 


3.177 


parameter used to describe potential micro- or nanoscale 
effects. Derive an expression for the ratio of the thermal 
resistance due to molecule—surface collisions to the ther- 
mal resistance associated with molecule—molecule colli- 
sions, R,,,-/Rjm—m in terms of the Knudsen number, 
the thermal accommodation coefficient a,, and the 
ratio of specific heats y, for an ideal gas. Plot the criti- 
cal Knudsen number, Kn,,;, that is associated with 
Rim—s/Rim—-m = 0.01 versus a, for y = 1.4 and 1.67 


(corresponding to air and helium, respectively). 


A nanolaminated material is fabricated with an atomic 
layer deposition process, resulting in a series of 


stacked, alternating layers of tungsten and aluminum 
oxide, each layer being 6 = 0.5 nm thick. Each tung- 
sten—aluminum oxide interface is associated with a 
thermal resistance of Ri, = 3.85 X 10° m’-K/W. The 
theoretical values of the thermal conductivities of the 
thin aluminum oxide and tungsten layers are 
ky = 1.65 W/m-K and ky = 6.10 W/m:K, _ respec- 
tively. The properties are evaluated at T = 300 K. 


(a) Determine the effective thermal conductivity of 
the nanolaminated material. Compare the value of 
the effective thermal conductivity to the bulk ther- 
mal conductivities of aluminum oxide and tung- 
sten, given in Tables A.1 and A.2. 

(b) Determine the effective thermal conductivity of 

the nanolaminated material assuming that the ther- 

mal conductivities of the tungsten and aluminum 
oxide layers are equal to their bulk values. 


Gold is commonly used in semiconductor packaging 
to form interconnections (also known as interconnects) 
that carry electrical signals between different devices 
in the package. In addition to being a good electrical 
conductor, gold interconnects are also effective at 
protecting the heat-generating devices to which they 
are attached by conducting thermal energy away from 
the devices to surrounding, cooler regions. Consider a 
thin film of gold that has a cross section of 
60 nm X 250 nm. 


(a) For an applied temperature difference of 20°C, 
determine the energy conducted along a 1-um- 
long, thin-film interconnect. Evaluate properties at 
300 K. 


(b) Plot the lengthwise (in the 1-uwm direction) and 
spanwise (in the thinnest direction) thermal con- 
ductivities of the gold film as a function of the film 
thickness L for 30 = L = 140nm. 


Two-Dimensional, 
Steady-State 
Conduction 
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T: this point, we have restricted our attention to conduction problems in which the temper- 
ature gradient is significant for only one coordinate direction. However, in many cases such 
problems are grossly oversimplified if a one-dimensional treatment is used, and it is necessary 
to account for multidimensional effects. In this chapter, we consider several techniques for 
treating two-dimensional systems under steady-state conditions. 

We begin our consideration of two-dimensional, steady-state conduction by briefly 
reviewing alternative approaches to determining temperatures and heat rates (Section 4.1). 
The approaches range from exact solutions, which may be obtained for idealized conditions, 
to approximate methods of varying complexity and accuracy. In Section 4.2 we consider 
some of the mathematical issues associated with obtaining an exact solution. In Section 4.3, 
we present compilations of existing exact solutions for a variety of simple geometries. Our 
objective in Sections 4.4 and 4.5 is to show how, with the aid of a computer, numerical 
(finite-difference or finite-element) methods may be used to accurately predict temperatures 
and heat rates within the medium and at its boundaries. 


4.1 Alternative Approaches 


Consider a long, prismatic solid in which there is two-dimensional heat conduction (Figure 4.1). 
With two surfaces insulated and the other surfaces maintained at different temperatures, 
T, > T>, heat transfer by conduction occurs from surface 1 to 2. According to Fourier’s law, 
Equation 2.3 or 2.4, the local heat flux in the solid is a vector that is everywhere perpendicular 
to lines of constant temperature (isotherms). The directions of the heat flux vector are repre- 
sented by the heat flow lines of Figure 4.1, and the vector itself is the resultant of heat flux 
components in the x- and y-directions. These components are determined by Equation 2.6. 
Since the heat flow lines are, by definition, in the direction of heat flow, no heat can be 
conducted across a heat flow line, and they are therefore sometimes referred to as adiabats. 
Conversely, adiabatic surfaces (or symmetry lines) are heat flow lines. 

Recall that, in any conduction analysis, there exist two major objectives. The first 
objective is to determine the temperature distribution in the medium, which, for the pre- 
sent problem, necessitates determining T(x, y). This objective is achieved by solving the 
appropriate form of the heat equation. For two-dimensional, steady-state conditions with 
no generation and constant thermal conductivity, this form is, from Equation 2.22, 


2 2 
0 (4.1) 
Ox oy 
7 
A 
Sek q ; ; 
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If Equation 4.1 can be solved for T(x, y), it is then a simple matter to satisfy the second 
major objective, which is to determine the heat flux components gq’ and gq by applying the 
rate equations (2.6). Methods for solving Equation 4.1 include the use of analytical, graph- 
ical, and numerical (finite-difference, finite-element, or boundary-element) approaches. 

The analytical method involves effecting an exact mathematical solution to Equation 4.1. 
The problem is more difficult than those considered in Chapter 3, since it now involves a 
partial, rather than an ordinary, differential equation. Although several techniques are available 
for solving such equations, the solutions typically involve complicated mathematical series and 
functions and may be obtained for only a restricted set of simple geometries and boundary 
conditions [1-5]. Nevertheless, the solutions are of value, since the dependent variable T is 
determined as a continuous function of the independent variables (x, y). Hence the solution 
could be used to compute the temperature at any point of interest in the medium. To illustrate 
the nature and importance of analytical techniques, an exact solution to Equation 4.1 is 
obtained in Section 4.2 by the method of separation of variables. Conduction shape factors 
and dimensionless conduction heat rates (Section 4.3) are compilations of existing solutions 
for geometries that are commonly encountered in engineering practice. 

In contrast to the analytical methods, which provide exact results at any point, graphi- 
cal and numerical methods can provide only approximate results at discrete points. 

Ge, Although superseded by computer solutions based on numerical procedures, the graphical, 
or flux-plotting, method may be used to obtain a quick estimate of the temperature distribu- 
tion. Its use is restricted to two-dimensional problems involving adiabatic and isothermal 
boundaries. The method is based on the fact that isotherms must be perpendicular to heat 
flow lines, as noted in Figure 4.1. Unlike the analytical or graphical approaches, numerical 
methods (Sections 4.4 and 4.5) may be used to obtain accurate results for complex, two- or 
three-dimensional geometries involving a wide variety of boundary conditions. 


4.2 The Method of Separation of Variables 


To appreciate how the method of separation of variables may be used to solve two- 
dimensional conduction problems, we consider the system of Figure 4.2. Three sides of a 
thin rectangular plate or a long rectangular rod are maintained at a constant temperature 7), 
while the fourth side is maintained at a constant temperature T, # T,. Assuming negligible 
heat transfer from the surfaces of the plate or the ends of the rod, temperature gradients 
normal to the x-y plane may be neglected (#°7/dz ~ 0) and conduction heat transfer is pri- 
marily in the x- and y-directions. 

We are interested in the temperature distribution 7(x, y), but to simplify the solution we 
introduce the transformation 


(4.2) 


Substituting Equation 4.2 into Equation 4.1, the transformed differential equation is then 


2 2 
OF Oe = 


0 4.3 
Ox ay’ is 


G2, The graphical method is described, and its use is demonstrated, in Section 48.1. 
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T,,0=0 


FicurE 4.2 Two-dimensional conduction in a thin rectangular 
plate or a long rectangular rod. 


Since the equation is second order in both x and y, two boundary conditions are needed for 
each of the coordinates. They are 


6(0,y)=0 and 6(x,0)=0 
6(L,y)=0 and 6(x,W)=1 


Note that, through the transformation of Equation 4.2, three of the four boundary condi- 
tions are now homogeneous and the value of @ is restricted to the range from 0 to 1. 

We now apply the separation of variables technique by assuming that the desired solu- 
tion can be expressed as the product of two functions, one of which depends only on x while 
the other depends only on y. That is, we assume the existence of a solution of the form 


O(x, y) = X(x) + Y(y) (4.4) 
Substituting into Equation 4.3 and dividing by XY, we obtain 
jax 1 ge 
X dx’ Ydy’ 
and it is evident that the differential equation is, in fact, separable. That is, the left-hand 
side of the equation depends only on x and the right-hand side depends only on y. Hence 


the equality can apply in general (for any x or y) only if both sides are equal to the same 
constant. Identifying this, as yet unknown, separation constant as \”, we then have 


(4.5) 


OX . 2 
2 4 x= 0 4.6 
We (4.6) 
PY > 
££" _)?y=0 4.7 
ay (4.7) 


and the partial differential equation has been reduced to two ordinary differential equations. 

Note that the designation of A* as a positive constant was not arbitrary. If a negative value 

were selected or a value of A* = 0 was chosen, it is readily shown (Problem 4.1) that it 

would be impossible to obtain a solution that satisfies the prescribed boundary conditions. 
The general solutions to Equations 4.6 and 4.7 are, respectively, 


X = C,cosAx + C,sinaAx 
Y= Ce + Ce 
in which case the general form of the two-dimensional solution is 


6 =(C,cosAx + C,sinAx)(C,e~” + Ce”) (4.8) 
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Applying the condition that 6(0, y) = 0, it is evident that C, = 0. In addition from the 
requirement that 6(x, 0) = 0, we obtain 


C,sin Ax(C; + Cy) = 0 


which may only be satisfied if C; = —C,. Although the requirement could also be satisfied 
by having C, = 0, this would result in 6 (x, y) = 0, which does not satisfy the boundary 
condition 6 (x, W) = 1. If we now invoke the requirement that 6(L, y) = 0, we obtain 


C,C, sinAL(e’” — e*”) = 0 


The only way in which this condition may be satisfied (and still have a nonzero solution) is 
by requiring that A assume discrete values for which sin AL = 0. These values must then be 
of the form 


ae #= 1,9. 3.40: (4.9) 


where the integer n = 0 is precluded, since it implies 6(x, y) = 0. The desired solution may 
now be expressed as 


6 = CCysin ae gil: — g—naylly (4.10) 


Combining constants and acknowledging that the new constant may depend on 2a, 
we obtain 


ntry 
L 


0(x, y) = C, sin sinh 


where we have also used the fact that (e’™” — e~"™"") = 2 sinh (nzry/L). In this form we 


have really obtained an infinite number of solutions that satisfy the differential equation 
and boundary conditions. However, since the problem is linear, a more general solution 
may be obtained from a superposition of the form 


O(x, y) = : C,,sin aa sinh — (4.11) 
n=1 


To determine C, we now apply the remaining boundary condition, which is of the form 
4 naw 
A(x, W) =1= > C, sin2™ sinh "2" (4.12) 

n= i L 
Although Equation 4.12 would seem to be an extremely complicated relation for evaluating 
C,,, a standard method is available. It involves writing an infinite series expansion in terms 


of orthogonal functions. An infinite set of functions g,(x), g,(x), ..., g,(X), ... iS said to be 
orthogonal in the domain a = x = bif 


b 
| 8n(X)Z A(x) dx =O m*#n (4.13) 
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Many functions exhibit orthogonality, including the trigonometric functions sin (n7x/L) and 
cos (n7x/L) for 0 = x = L. Their utility in the present problem rests with the fact that any 
function f(x) may be expressed in terms of an infinite series of orthogonal functions 


fl) = YAng(2) (4.14) 


The form of the coefficients A,, in this series may be determined by multiplying each side of 
the equation by g,,(x) and integrating between the limits a and b. 


b b oo 
| AE) Bn() dx = | Bf) BAG) de (4.15) 


However, from Equation 4.13 it is evident that all but one of the terms on the right-hand 
side of Equation 4.15 must be zero, leaving us with 


b b 
| Pogue de =A, f gh a 


m? 


Hence, solving for A,,, and recognizing that this holds for any A,, by switching m to n: 


b 
| reve ax 


A (4.16) 


n 


| “gic dx 


The properties of orthogonal functions may be used to solve Equation 4.12 for C, by for- 
mulating an infinite series for the appropriate form of f(x). From Equation 4.14 it is evident 
that we should choose f(x) = | and the orthogonal function g,,(x) = sin (n7ax/L). Substituting 
into Equation 4.16 we obtain 


[ sin ™™ a 41 
aes L 2 
" [ 2 NX “ a 
in* —— d. 
un 1 & 


Hence from Equation 4.14, we have 


_—~2 Ci +1. na 
1 aa A sin (4.17) 


which is simply the expansion of unity in a Fourier series. Comparing Equations 4.12 and 
4.17 we obtain 


_ 2[-1)"*! + 1] 
"nar sinh (naW/L) 


n=1,2,3,... (4.18) 


Substituting Equation 4.18 into Equation 4.11, we then obtain for the final solution 


t+ 1 amex sinh (nmylL) 


LO—(=1) 
oy 7d n L sinh(n7WiL) i) 
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FicureE 4.3 Isotherms and heat flow lines for 
two-dimensional conduction in a rectangular plate. 


Equation 4.19 is a convergent series, from which the value of 6 may be computed for any 
x and y. Representative results are shown in the form of isotherms for a schematic of the rec- 
tangular plate (Figure 4.3). The temperature T corresponding to a value of @ may be obtained 
from Equation 4.2, and components of the heat flux may be determined by using Equation 4.19 
with Equation 2.6. The heat flux components determine the heat flow lines, which are shown in 
the figure. We note that the temperature distribution is symmetric about x = L/2, with 
dT/dx = 0 at that location. Hence, from Equation 2.6, we know the symmetry plane at x = L/2 
is adiabatic and therefore is a heat flow line. However, note that the discontinuities prescribed 
at the upper corners of the plate are physically untenable. In reality, large temperature gradients 
could be maintained in proximity to the corners, but discontinuities could not exist. 

Exact solutions have been obtained for a variety of other geometries and boundary 
conditions, including cylindrical and spherical systems. Such solutions are presented in 
specialized books on conduction heat transfer [1-5]. 


4.3 The Conduction Shape Factor and the Dimensionless 
Conduction Heat Rate 


In general, finding analytical solutions to the two- or three-dimensional heat equation is 
time-consuming and, in many cases, not possible. Therefore, a different approach is often 
taken. For example, in many instances, two- or three-dimensional conduction problems 
may be rapidly solved by utilizing existing solutions to the heat diffusion equation. These 
solutions are reported in terms of a shape factor S or a steady-state dimensionless conduc- 
tion heat rate, q%,. The shape factor is defined such that 


q = SkAT,_, (4.20) 


where AT,_, is the temperature difference between boundaries, as shown in, for example, 
Figure 4.2. It also follows that a two-dimensional conduction resistance may be expressed as 


1 
Recond(2D) = Sk (4.21) 
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Shape factors have been obtained analytically for numerous two- and three-dimensional 
systems, and results are summarized in Table 4.1 for some common configurations. Results 
are also available for other configurations [6-9]. In cases 1 through 8 and case 11, two- 
dimensional conduction is presumed to occur between the boundaries that are maintained 
at uniform temperatures, with AT,_, = T,; — T,. In case 9, three-dimensional conduction 
exists in the corner region, while in case 10 conduction occurs between an isothermal disk 
(T,) and a semi-infinite medium of uniform temperature (T,) at locations well removed from 
the disk. Shape factors may also be defined for one-dimensional geometries, and from the 
results of Table 3.3, it follows that for plane, cylindrical, and spherical walls, respectively, 
the shape factors are A/L, 27L/In(r,/r,), and 4ar,r5/(r. — 1). 

Cases 12 through 15 are associated with conduction from objects held at an isothermal 
temperature (7|) that are embedded within an infinite medium of uniform temperature (7>) 


62 shape factors for two-dimensional geometries may also be estimated with the graphical method that is 
described in Section 48.1. 


TABLE 4.1 Conduction shape factors and dimensionless conduction heat rates for 


selected systems. 


(a) Shape factors [q = Sk(T, — T)] 


System 


Schematic Restrictions Shape Factor 


Case 1 


Isothermal sphere buried in a semi- 
infinite medium 


<a 
Se 27D 
—-o z> D2 1 — Diz 
T; “D 


Case 2 T> 
Horizontal isothermal cylinder of length L L>D — 
buried in a semi-infinite medium z ' cosh “ (2z/D) 
> es L>D 2k 
7 ane z>3D2 In (42/D) 
Case 3 T, 
Vertical cylinder in a semi-infinite 
medium 27L 
Ih 
> =e 
T, | be 2 In (4L/D) 
Case 4 D 
T. 1 D> 
Conduction between two cylinders of : mt g 2a. 
length L in infinite medium 7 eT 


L>D,, Dy 4y2 — D? — D2 
ee 


eyeia mete 2D,D; 
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TABLE 4.1 Continued 


Schematic 


System 


Case 5 


Horizontal circular cylinder 
of length L midway between 
parallel planes of equal 
length and infinite width 


Case 6 


Circular cylinder of length L 
centered in a square solid of 
equal length 


Case 7 


Eccentric circular d T) 
cylinder of length L ie 
in a cylinder of ‘ 
equal length z 


Case 8 


Conduction through the 
edge of adjoining walls 


Case 9 


Conduction through corner of 
three walls with a temperature 
difference AT,_» across 

the walls 


Case 10 = D 


Disk of diameter D and temperature T, 
on a semi-infinite medium of thermal 
conductivity k and temperature T, 


Case 11 
Square channel of length L 


Restrictions 


z>D/2 
LS Zz 


w>D 
L>w 


D>d 
L>D 


D>5L 


L < length and 
width of wall 


None 


Shape Factor 


2aL 
In (82/7D) 


2aL 
In (1.08 w/D) 


27L 


{DP + é = 47 
cosh 7 —ae ee 
2Dd 


0.54D 


0.15L 


2D 


2aL 
0.785 In (W/w) 


2a7L 
0.930 In (W/w) — 0.050 
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TABLE 4.1 Continued 


(b) Dimensionless conduction heat rates [q = q% kA,(T, — T,/L,; L, = (A/4m)"”] 


System Schematic Active Area, A, Gs 
Case 12 

Isothermal sphere of diameter D and »e. nD? 1 
temperature 7, in an infinite medium un D 

of temperature T, Tp 

Case 13 ie 

Infinitely thin, isothermal disk of diameter D — aD? 22 _ 

and temperature 7, in an infinite medium D4 2 a7 — 9.900 
of temperature T, T2 


Case 14 


Infinitely thin rectangle of length L, 
width w, and temperature 7, in an 
infinite medium of temperature 7, 


Case 15 


Cuboid shape of height d with a square 
footprint of width D and temperature 7, 
in an infinite medium of temperature T, 


2wL 0.932 
2D? + 4Dd ea i 
0.1 0.943 
1.0 0.956 
2.0 0.961 


at locations removed from the object. For these infinite medium cases, useful results may 
be obtained by defining a characteristic length 


L,=(AJ4m)'? (4.22) 


where A, is the surface area of the object. Conduction heat transfer rates from the object to the 
infinite medium may then be reported in terms of a dimensionless conduction heat rate [10] 


dis = QL SKA ST, — T>) (4.23) 


From Table 4.1, it is evident that the values of g%, which have been obtained analytically and 
numerically, are similar for a wide range of geometrical configurations. As a consequence of 
this similarity, values of g% may be estimated for configurations that are similar to those for 
which g% is known. For example, dimensionless conduction heat rates from cuboid shapes 
(case 15) over the range 0.1 = d/D = 10 may be closely approximated by interpolating 
the values of g% reported in Table 4.1. Additional procedures that may be exploited to 
estimate values of g% for other geometries are explained in [10]. Note that results for g% in 
Table 4.15 may be converted to expressions for S listed in Table 4.1a. For example, the shape 
factor of case 10 may be derived from the dimensionless conduction heat rate of case 13 
(recognizing that the infinite medium can be viewed as two adjacent semi-infinite media). 
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The shape factors and dimensionless conduction heat rates reported in Table 4.1 are 
associated with objects that are held at uniform temperatures. For uniform heat flux condi- 
tions, the object’s temperature is no longer uniform but varies spatially with the coolest tem- 
peratures located near the periphery of the heated object. Hence, the temperature difference 
that is used to define S or g* is replaced by a temperature difference involving the spatially 
averaged surface temperature of the object (7, — T>) or by the difference between the maxi- 
mum surface temperature of the heated object and the far field temperature of the surround- 
ing medium, (7) max — 7). For the uniformly heated geometry of case 10 (a disk of diameter 
D in contact with a semi-infinite medium of thermal conductivity k and temperature T,), the 
values of S are 37°D/16 and wD/2 for temperature differences based on the average and 
maximum disk temperatures, respectively. 


EXAMPLE 4.1 

SaaS iI 

A metallic electrical wire of diameter d = 5 mm is to be coated with insulation of thermal 
conductivity k = 0.35 W/m-K. It is expected that, for the typical installation, the coated 
wire will be exposed to conditions for which the total coefficient associated with convec- 
tion and radiation is h = 15 W/m?-K. To minimize the temperature rise of the wire due to 
ohmic heating, the insulation thickness is specified so that the critical insulation radius is 
achieved (see Example 3.5). During the wire coating process, however, the insulation 
thickness sometimes varies around the periphery of the wire, resulting in eccentricity of the 
wire relative to the coating. Determine the change in the thermal resistance of the insulation 
due to an eccentricity that is 50% of the critical insulation thickness. 


SOLUTION 


Known: Wire diameter, convective conditions, and insulation thermal conductivity. 


Find: Thermal resistance of the wire coating associated with peripheral variations in the 
coating thickness. 


Schematic: 


Insulation, k 


(a) Concentric wire (b) Eccentric wire 


Assumptions: 


1. Steady-state conditions. 


2. Two-dimensional conduction. 
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3. Constant properties. 
4. Both the exterior and interior surfaces of the coating are at uniform temperatures. 


Analysis: From Example 3.5, the critical insulation radius is 


~*~ 0.35 Wim:K 
“ho 15 Wim?+K 


= 0.023 m = 23 mm 
Therefore, the critical insulation thickness is 


for = Ton — d/2. = 0.023 m — 


O00 T= 0.021 n= Siam 


The thermal resistance of the coating associated with the concentric wire may be evaluated 
using Equation 3.33 and is 


pi = llrad(a/2)] _ In[0.023 m/(0.005 m/2)} _ 


1. : 
t,cond Oak 277(0.35 W/m: K) ee 


For the eccentric wire, the thermal resistance of the insulation may be evaluated using case 7 
of Table 4.1, where the eccentricity is z = 0.5 X 4, = 0.5 * 0.021 m = 0.010 m 


D+a@-42 
cosh! 
1 2Dd 


Ry cond2D) = Sk = nk 
a= (2 X 0.023 m)* + (0.005 m)? — 4(0.010 m)* 
2 X (2 X 0.023 m) X 0.005 m 
27 X 0.35 W/m: K 


= 0.91 m- K/W 


Therefore, the reduction in the thermal resistance of the insulation is 0.10 m-K/W, 
or 10%. <J 


Comments: 


1. Reduction in the local insulation thickness leads to a smaller local thermal resistance of 
the insulation. Conversely, locations associated with thicker coatings have increased 
local thermal resistances. These effects offset each other, but not exactly; the maximum 
resistance is associated with the concentric wire case. For this application, eccentricity of 
the wire relative to the coating provides enhanced thermal performance relative to the 
concentric wire case. 


2. The interior surface of the coating will be at nearly uniform temperature if the thermal 
conductivity of the wire is high relative to that of the insulation. Such is the case for 
metallic wire. However, the exterior surface temperature of the coating will not be per- 
fectly uniform due to the variation in the local insulation thickness. 
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4.4 Finite-Difference Equations 


As discussed in Sections 4.1 and 4.2, analytical methods may be used, in certain cases, to 
effect exact mathematical solutions to steady, two-dimensional conduction problems. 
These solutions have been generated for an assortment of simple geometries and boundary 
conditions and are well documented in the literature [1-5]. However, more often than not, 
two-dimensional problems involve geometries and/or boundary conditions that preclude 
such solutions. In these cases, the best alternative is often one that uses a numerical tech- 
nique such as the finite-difference, finite-element, or boundary-element method. Another 
strength of numerical methods is that they can be readily extended to three-dimensional 
problems. Because of its ease of application, the finite-difference method is well suited for 
an introductory treatment of numerical techniques. 


4.4.1 The Nodal Network 


In contrast to an analytical solution, which allows for temperature determination at any point 
of interest in a medium, a numerical solution enables determination of the temperature at 
only discrete points. The first step in any numerical analysis must therefore be to select these 
points. Referring to Figure 4.4, this may be done by subdividing the medium of interest into 
a number of small regions and assigning to each a reference point that is at its center. 


oT = Len ~ Li’ n 
ox 

m-—1/2,n Ax 
or = Tins 1n <— Tian 
) 

m+1/2,n Ax 


Ficure 4.4 Two-dimensional conduction. (a) Nodal network. 
(b) Finite-difference approximation. 
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The reference point is frequently termed a nodal point (or simply a node), and the aggregate 
of points is termed a nodal network, grid, or mesh. The nodal points are designated by a num- 
bering scheme that, for a two-dimensional system, may take the form shown in Figure 4.4a. 
The x and y locations are designated by the m and n indices, respectively. 

Each node represents a certain region, and its temperature is a measure of the average 
temperature of the region. For example, the temperature of the node (m, n) of Figure 4.4a 
may be viewed as the average temperature of the surrounding shaded area. The selection of 
nodal points is rarely arbitrary, depending often on matters such as geometric convenience 
and the desired accuracy. The numerical accuracy of the calculations depends strongly on 
the number of designated nodal points. If this number is large (a fine mesh), accurate solu- 
tions can be obtained. 


4.4.2 Finite-Difference Form of the Heat Equation 


Determination of the temperature distribution numerically dictates that an appropriate conser- 
vation equation be written for each of the nodal points of unknown temperature. The resulting 
set of equations may then be solved simultaneously for the temperature at each node. For any 
interior node of a two-dimensional system with no generation and uniform thermal conduc- 
tivity, the exact form of the energy conservation requirement is given by the heat equation, 
Equation 4.1. However, if the system is characterized in terms of a nodal network, it is neces- 
sary to work with an approximate, or finite-difference, form of this equation. 

A finite-difference equation that is suitable for the interior nodes of a two-dimensional 
system may be inferred directly from Equation 4.1. Consider the second derivative, 0°T/0x’. 
From Figure 4.45, the value of this derivative at the (m, n) nodal point may be approximated as 


OT 
ax 


dT/ox| m+1/2,n dT/dx| m—1/2,n 
mn Ax 


(4.24) 


The temperature gradients may in turn be expressed as a function of the nodal tempera- 
tures. That is, 


Li nN ~— Li A 
S| (4.25) 
Ox m+1/2,n Ax 
Tn a 2 ii fl 
oT my Ltn A main (4.26) 
Ox m—1/2,n Ax 
Substituting Equations 4.25 and 4.26 into 4.24, we obtain 
2 Tn 1 + Da 7 ~~ 2T 1 
OT) _ fmt, 1, i (4.27) 
ax? mn (Ax) 
Proceeding in a similar fashion, it is readily shown that 
oT ns ATIBY navi — OTIAY nn 
ay’ mn Ay 
1 nN + Tn A == 27, J 
ae Ne : (4.28) 


(Ay) 
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Using a network for which Ax = Ay and substituting Equations 4.27 and 4.28 into 
Equation 4.1, we obtain 


Terai ar Le ar Shares ae Lets an AT, y = 0 (4.29) 


Hence for the (m, n) node, the heat equation, which is an exact differential equation, 
is reduced to an approximate algebraic equation. This approximate, finite-difference form of 
the heat equation may be applied to any interior node that is equidistant from its four neigh- 
boring nodes. It requires simply that the temperature of an interior node be equal to the 
average of the temperatures of the four neighboring nodes. 


4.4.3 The Energy Balance Method 


In many cases, it is desirable to develop the finite-difference equations by an alternative 
method called the energy balance method. As will become evident, this approach enables 
one to analyze many different phenomena such as problems involving multiple materials, 
embedded heat sources, or exposed surfaces that do not align with an axis of the coordinate 
system. In the energy balance method, the finite-difference equation for a node is obtained 
by applying conservation of energy to a control volume about the nodal region. Since the 
actual direction of heat flow (into or out of the node) is often unknown, it is convenient to 
formulate the energy balance by assuming that all the heat flow is into the node. Such a 
condition is, of course, impossible, but if the rate equations are expressed in a manner con- 
sistent with this assumption, the correct form of the finite-difference equation is obtained. 
For steady-state conditions with generation, the appropriate form of Equation 1.12c is then 


E, + E,=0 (4.30) 


Consider applying Equation 4.30 to a control volume about the interior node (m, n) of 
Figure 4.5. For two-dimensional conditions, energy exchange is influenced by conduction 
between (m, n) and its four adjoining nodes, as well as by generation. Hence Equation 4.30 
reduces to 


4 
dd (m,n) + q(Ax : Ay ° 1) = 0 


FIGURE 4.5 Conduction to an interior node from its 
adjoining nodes. 
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where i refers to the neighboring nodes, qj) (m,n) is the conduction rate between nodes, and 
unit depth is assumed. To evaluate the conduction rate terms, we assume that conduction 
transfer occurs exclusively through /anes that are oriented in either the x- or y-direction. Sim- 
plified forms of Fourier’s law may therefore be used. For example, the rate at which energy is 
transferred by conduction from node (m — 1, ) to (m, n) may be expressed as 


L-1 _ T, 


~1n) > (mn) = KAy*1 = 4.31 
din 1,n) > (m,n) ( y ) Ax ( ) 


The quantity (Ay -1) is the heat transfer area, and the term (T,,_),, — Ty,,)/Ax is the finite- 
difference approximation to the temperature gradient at the boundary between the two 


nodes. The remaining conduction rates may be expressed as 


Lp iis ~ T, 


Am+1,n) > (m,n) = k(Ay ° 1) Ax mu (4.32) 
To ~ Tes 

Amn+1) — (m,n) = k(Ax . 1) Ts (4.33) 
‘ea _ Ye 

Amn-1) — (m,n) = k(Ax ° 1) Ay (4.34) 


Note that, in evaluating each conduction rate, we have subtracted the temperature of the (m, 1) 
node from the temperature of its adjoining node. This convention is necessitated by the 
assumption of heat flow into (m, n) and is consistent with the direction of the arrows shown 
in Figure 4.5. Substituting Equations 4.31 through 4.34 into the energy balance and remem- 
bering that Ax = Ay, it follows that the finite-difference equation for an interior node with 
generation is 


_ Ax)? 


ere a Lat m+\,n m-iyn ' k AThin = 0 (4.35) 


If there is no internally distributed source of energy (g¢ = 0), this expression reduces to 
Equation 4.29. 

It is important to note that a finite-difference equation is needed for each nodal point at 
which the temperature is unknown. However, it is not always possible to classify all such 
points as interior and hence to use Equation 4.29 or 4.35. For example, the temperature 
may be unknown at an insulated surface or at a surface that is exposed to convective condi- 
tions. For points on such surfaces, the finite-difference equation must be obtained by apply- 
ing the energy balance method. 

To further illustrate this method, consider the node corresponding to the internal corner 
of Figure 4.6. This node represents the three-quarter shaded section and exchanges energy 
by convection with an adjoining fluid at T,,. Conduction to the nodal region (m, n) occurs 
along four different lanes from neighboring nodes in the solid. The conduction heat rates 
Acona May be expressed as 


Death _ T, 


Dn 1,n)> (m,n) = k(Ay . 1) Ax = (4.36) 
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FicurE 4.6 Formulation of the finite-difference equation for an 
Ax —" internal corner of a solid with surface convection. 


Tint _ se 

Fmn+1)> (m,n) = k(Ax : 1) Ay (4.37) 
Ay tad no Ts n 

(mn) = KM -*1 4.38 

m+ 1,n) (m,n) ( 2 Ay ( ) 
_ Ax Tl = Tn 

Qm,n—1)> (m,n) i( 2 . ! Ay (4.39) 


Note that the areas for conduction from nodal regions (m — 1, n) and (m, n + 1) are pro- 
portional to Ay and Ax, respectively, whereas conduction from (m + 1, n) and (m, n — 1) 
occurs along lanes of width Ay/2 and Ax/2, respectively. 

Conditions in the nodal region (m, n) are also influenced by convective exchange with 
the fluid, and this exchange may be viewed as occurring along half-lanes in the x- and y- 
directions. The total convection rate ¢,,,, may be expressed as 


A 
(~)(m,n) = h (4: 7 i}cr = Thin) + h (2 . i)cr _ Diag) (4.40) 


Implicit in this expression is the assumption that the exposed surfaces of the corner are at a 
uniform temperature corresponding to the nodal temperature 7,,,,. This assumption is con- 
sistent with the concept that the entire nodal region is characterized by a single tempera- 
ture, which represents an average of the actual temperature distribution in the region. In the 
absence of transient, three-dimensional, and generation effects, conservation of energy, 
Equation 4.30, requires that the sum of Equations 4.36 through 4.40 be zero. Summing 


these equations and rearranging, we therefore obtain 


T, 


m—\1,n 


EE 


mnt 


1+ 5 Entiat Ta) + ST, (3 + hac) Tyn= 0 (4.41) 


where again the mesh is such that Ax = Ay. 
Nodal energy balance equations pertinent to several common geometries for situations 
where there is no internal energy generation are presented in Table 4.2. 
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TABLE 4.2 Summary of nodal finite-difference equations 


Configuration 


m,n+1 


f 


Ay 


| 


* 
m-l,n 


m,nt+1 


I 
m, ni 
= 


m-l,n 


m-l,n 


Ay 
yY |g m,n-1 


I 

I 

I 

I ig 
I I 
| ih, 


h 


zt —em,n+]1 
Ay 


te— A x—>| 


— Ax ——> 


mt+i1,n 


+—————————e m, n- 1 


Finite-Difference Equation for Ax = Ay 


Tant1 t Pai ae t Th-1n AT an = 0 
Case 1. Interior node 
AT nn ln t Diagn + ) t ( Tint ln t mn ) 
h Ax h Ax 
gee = 9154 Tan = 
k (; k m,n 0 


Case 2. Node at an internal corner with convection 


Cie AR oy ees 2s ! 2)r =0 


m—I\,n mn 


(Ti, n—-1 Pgai n) 2 is a T.. 2 A as 1 Li n — 0 
3! 9 k k / 
Case 4. Node at an external corner with convection 
2q" Ax 
Otis t Teed t Leg) t k AT iin = 0 


Case 5. Node at a plane surface with uniform heat flux 


(4.29) 


(4.41) 


(4.42)" 


(4.43) 


(4.44)" 


“>To obtain the finite-difference equation for an adiabatic surface (or surface of symmetry), simply set h or g" equal to zero. 


EXAMPLE 4.2 


Using the energy balance method, derive the finite-difference equation for the (m, n) nodal 


point located on a plane, insulated surface of a medium with uniform heat generation. 
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SOLUTION 


Known: Network of nodal points adjoining an insulated surface. 


Find:  Finite-difference equation for the surface nodal point. 


Schematic: 
' m,n+1 
| ra Insulated surface 
pee Vee & 
q ; ik: 
__rs We: 
Ike 
om, n Ay = Ax 
; i= lO i wy. <— Ay Unit depth (normal 
wn ! Mt ds to paper) 
1 If > | 
(Ssoae! We: a 
x,m I 2 
ysm,n—-1 
yo 
Assumptions: 


1. Steady-state conditions. 

2. Two-dimensional conduction. 

3. Constant properties. 

4. Uniform internal heat generation. 


Analysis: Applying the energy conservation requirement, Equation 4.30, to the control 
surface about the region (Ax/2-Ay-1) associated with the (m, ) node, it follows that, with 
volumetric heat generation at a rate q, 


-{ Ax 
atatatat a ¥-ay-1)=0 


where 
_ i A 1 Lia = Li 
q, = k(Ay-1) Ae 
Ax a i Ls 
=k 1 
" ( 2 Ay 
q3 = 9 
Ax Ltt ~ i ie 
=k “1 
= ( 2 Ay 


Substituting into the energy balance and dividing by k/2, it follows that 


2T, + T, 1 + yee — 4T = q(Ax: Ay) : Ay) =0 < 


m-\l,n mn— mn k 


Comments: 


1. The same result could be obtained by using the symmetry condition, T,,,,,, = 
T, with the finite-difference equation (Equation 4.35) for an interior nodal point. 


m—1,n? 
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If g = 0, the desired result could also be obtained by setting 4 = 0 in Equation 4.42 
(Table 4.2). 


2. As an application of the foregoing finite-difference equation, consider the following 
two-dimensional system within which thermal energy is uniformly generated at an 
unknown rate g. The thermal conductivity of the solid is known, as are convection 
conditions at one of the surfaces. In addition, temperatures have been measured at 
locations corresponding to the nodal points of a finite-difference mesh. 


T,, = 235.9°C T,, = 227.6°C 
T. = 230.9°C T, = 220.1°C 
T, = 222.4°C T., = 200.0°C 
h=50Wym?-K k=1Wm-K 
Ax = 10 mm Ay = 10 mm 


The generation rate can be determined by applying the finite-difference equation to 


node c. 
q(Ax: A 
or, +7,.+7,—47, +4 ~ ) 9 
op , 90.01 my? 
2 X 227.6 + 222.4 + 235.9 — 4 x 230. eo ahi a 
( 7.6 35.9 30.9)°C 1Wim-K 


g = 1.01 X 10° W/m? 


From the prescribed thermal conditions and knowledge of g, we can also determine 
whether the conservation of energy requirement is satisfied for node e. Applying an 
energy balance to a control volume about this node, it follows that 


a+ d+ 43+ 44+ G(Ax/2 + Ay/2+1) =0 


fete sy 4 h(Ax/2*1)(T,, — T,) + k(Ay/2+1) Haat 
Ay Ax 


k(Ax/2 +1) 


+ G(Ax/2+ Ay/2+1) =0 
_ el 
a 
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If the energy balance is satisfied, the left-hand side of this equation will be identically 
equal to zero. Substituting values, we obtain 
(230.9 — 222.4)°C 
0.010 m 
+ 0 + 50 W/m?: K(0.005 m7) (200 — 222.4)°C 
(220.1 — 222.4)°C 


1 W/m- K(0.005 m7’) 


+ 1 W/m- K(0.005 m7?) + 1.01 X 10° W/m°(0.005)? m? = 0(?) 
0.010 m 
4.250 W + 0 — 5.600 W — 1.150 W + 2.525 W = 0(?) 
0.025 W ~0 


The inability to precisely satisfy the energy balance is attributable to temperature mea- 
surement errors, the approximations employed in developing the finite-difference 
equations, and the use of a relatively coarse mesh. 


It is useful to note that heat rates between adjoining nodes may also be formulated in terms 
of the corresponding thermal resistances. Referring, for example, to Figure 4.6, the rate of 
heat transfer by conduction from node (m — 1, n) to (m, n) may be expressed as 


1 ee a T, 


mn 


, 


m-1,n Lin 


din- 1,n) > (m,n) Recond Axlk (Ay ‘ 1) 


yielding a result that is equivalent to that of Equation 4.36. Similarly, the rate of heat trans- 


fer by convection to (m, n) may be expressed as 
Js Tg T.. — T, 


mn mn 


te {h[(Ax/2) +1 + (Ay/2)-1]}7! 


(~) = (mn) — R 


which is equivalent to Equation 4.40. 

As an example of the utility of resistance concepts, consider an interface that separates 
two dissimilar materials and is characterized by a thermal contact resistance R’’. (Figure 4.7). 
The rate of heat transfer from node (m, n) to (m,n — 1) may be expressed as 


Ta no Loi n—-1 
Wm,n) = (mn—-1) RO (4.45) 
tot 
where, for a unit depth, 
Ay/2 Rin Ay/2 
i. (4.46) 
ky(Ax+ 1) Ax-1 ky(Ax-1) 
ne 
ae : 
! I 
Ay na) H Material A 
I ky 
! I 
J prenesss Ri. 
I 
a ia Material B 
‘s 
Ws pee I FicurE 4.7 Conduction between adjoining, dissimilar materials 


with an interface contact resistance. 
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4.5 Solving the Finite-Difference Equations 


Once the nodal network has been established and an appropriate finite-difference equation 
has been written for each node, the temperature distribution may be determined. The prob- 
lem reduces to one of solving a system of linear, algebraic equations. In this section, we for- 
mulate the system of linear, algebraic equations as a matrix equation and briefly discuss its 
solution by the matrix inversion method. We also present some considerations for verifying 
the accuracy of the solution. 


4.5.1 Formulation as a Matrix Equation 


Consider a system of N finite-difference equations corresponding to N unknown tempera- 
tures. Identifying the nodes by a single integer subscript, rather than by the double sub- 
script (m, n), the procedure for performing a matrix inversion begins by expressing the 
equations as 


Ay,Ty + QygTy + ay3T3 + ++ + Ay Ty = C, 

Ay T, + AyTy + Gy3T3 + °° + AyyTy = Cy 

Ay T+ AyoT + Ay3T3 + °° + Ayn Ty = Cy (4.47) 
where the quantities a,,, dj.,..., C),... are known coefficients and constants involving 


quantities such as Ax, k, h, and T.,. Using matrix notation, these equations may be 
expressed as 


[AJ[T] = [C] (4.48) 
where 
ai; Ay ain T, C, 
Gy, An aon T, C, 
A= = | T= . C= 
Gani Gy2 7" ANN. Ty Cy 


The coefficient matrix [A] is square (N X N), and its elements are designated by a double 
subscript notation, for which the first and second subscripts refer to rows and columns, 
respectively. The matrices [7] and [C] have a single column and are known as column 
vectors. Typically, they are termed the solution and right-hand side vectors, respectively. If 
the matrix multiplication implied by the left-hand side of Equation 4.48 is performed, 
Equations 4.47 are obtained. 

Numerous mathematical methods are available for solving systems of linear, alge- 
braic equations [11, 12], and many computational software programs have the built-in 
capability to solve Equation 4.48 for the solution vector [7]. For small matrices, the 
solution can be found using a programmable calculator or by hand. One method suitable 
for hand or computer calculation is the Gauss—Seidel method, which is presented in 
Appendix D. 


Ty 
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4.5.2 Verifying the Accuracy of the Solution 


It is good practice to verify that a numerical solution has been correctly formulated by 
performing an energy balance on a control surface surrounding all nodal regions whose 
temperatures have been evaluated. The temperatures should be substituted into the energy 
balance equation, and if the balance is not satisfied to a high degree of precision, the finite- 
difference equations should be checked for errors. 

Even when the finite-difference equations have been properly formulated and solved, the 
results may still represent a coarse approximation to the actual temperature field. This behav- 
ior is a consequence of the finite spacings (Ax, Ay) between nodes and of finite-difference 
approximations, such as k(Ay-1)(T,,-1, — Tm,,)/Ax, to Fourier’s law of conduction, 
—k(dy:1)0T/ox. The finite-difference approximations become more accurate as the nodal 
network is refined (Ax and Ay are reduced). Hence, if accurate results are desired, grid studies 
should be performed, whereby results obtained for a fine grid are compared with those 
obtained for a coarse grid. One could, for example, reduce Ax and Ay by a factor of 2, thereby 
increasing the number of nodes and finite-difference equations by a factor of 4. If the agree- 
ment is unsatisfactory, further grid refinements could be made until the computed tempera- 
tures no longer depend significantly on the choice of Ax and Ay. Such grid-independent 
results would provide an accurate solution to the physical problem. 

Another option for validating a numerical solution involves comparing results with those 
obtained from an exact solution. For example, a finite-difference solution of the physical 
problem described in Figure 4.2 could be compared with the exact solution given by Equation 
4.19. However, this option is limited by the fact that we seldom seek numerical solutions to 
problems for which there exist exact solutions. Nevertheless, if we seek a numerical solution 
to a complex problem for which there is no exact solution, it is often useful to test our finite- 
difference procedures by applying them to a simpler version of the problem. 


EXAMPLE 4.3 


A major objective in advancing gas turbine engine technologies is to increase the temperature 
limit associated with operation of the gas turbine blades. This limit determines the permissible 
turbine gas inlet temperature, which, in turn, strongly influences overall system performance. 
In addition to fabricating turbine blades from special, high-temperature, high-strength superal- 
loys, it is common to use internal cooling by machining flow channels within the blades and 
routing air through the channels. We wish to assess the effect of such a scheme by approximat- 
ing the blade as a rectangular solid in which rectangular channels are machined. The blade, 
which has a thermal conductivity of k = 25 W/m-:K, is 6mm thick, and each channel has a 
2mm X 6 mm rectangular cross section, with a 4-mm spacing between adjoining channels. 


b Air channel 
ombustion Ton oy Mo 
gases Hi Tj, h; 


6mm 


combustion } Turbine blade, k 
— 
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Under operating conditions for which h, = 1000 W/m?:K, T 2. = 1700 K, h; = 200 W/m? K, 
and T.,; = 400K, determine the temperature field in the turbine blade and the rate of heat 
transfer per unit length to the channel. At what location is the temperature a maximum? 


SOLUTION 


Known: Dimensions and operating conditions for a gas turbine blade with embedded 
channels. 


Find: Temperature field in the blade, including a location of maximum temperature. Rate 
of heat transfer per unit length to the channel. 


Schematic: 
Wesap le 
1 2 3 4 5 6 
¢ ——*_| @—; & mx 
f I i I 1 i 
[i —— I r—4 Ay=1mm 
i 1 H 
| I 4 
79 : 8} ! oe li) 112) t 
Symmetry I ~ 
adiabat | — || faa Symmetry 
i] adiabat 
me S97 By 
1 
eas pars) 
} I hee h; 
19 1 20 2 
© - == aes 
—»| Ar= 
1mm Symmetry 
v adiabat 
y 
Assumptions: 


1. Steady-state, two-dimensional conduction. 


2. Constant properties. 


Analysis: Adopting a grid space of Ax = Ay = 1 mm and identifying the three lines of 
symmetry, the foregoing nodal network is constructed. The corresponding finite-difference 
equations may be obtained by applying the energy balance method to nodes 1, 6, 18, 19, 
and 21 and by using the results of Table 4.2 for the remaining nodes. 

Heat transfer to node | occurs by conduction from nodes 2 and 7, as well as by convec- 
tion from the outer fluid. Since there is no heat transfer from the region beyond the symme- 
try adiabat, application of an energy balance to the one-quarter section associated with node 
1 yields a finite-difference equation of the form 


h,Ax ——s h,Ax 
k }! k 


Node l: 75+ 7; (2 + ae 

A similar result may be obtained for nodal region 6, which is characterized by equivalent 
surface conditions (2 conduction, 1 convection, 1 adiabatic). Nodes 2 to 5 correspond to 
case 3 of Table 4.2, and choosing node 3 as an example, it follows that 


hx 2h, Ax 
Node 3: T, + T, + 2T, —2 ke +2 T; = —_ ‘ Lie 
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Nodes 7, 12, 13, and 20 correspond to case 5 of Table 4.2, with g” = 0, and choosing 
node 12 as an example, it follows that 
Node 12: T¢ + 2711 + Tig = 4T, = 0 


Nodes 8 to 11 and 14 are interior nodes (case 1), in which case the finite-difference equa- 
tion for node 8 is 


Node 8: 7, +7,+ Ty + Ti, —4T, =0 


Node 15 is an internal corner (case 2) for which 


i 
> 


h, Ax h, Ax 
Node 15: 27,4907, #7 24%, (34 a ris a 


while nodes 16 and 17 are situated on a plane surface with convection (case 3): 


h, Ax 


; 2h; Ax 
Node 16: 2T 9 ot T\5 te Ti7 a 2 i —— =. 


eo 


+ 2)r = 


In each case, heat transfer to nodal regions 18 and 21 is characterized by conduction 
from two adjoining nodes and convection from the internal flow, with no heat transfer 
occurring from an adjoining adiabat. Performing an energy balance for nodal region 18, it 
follows that 


Ly= 


Node 18: 7). + Ty7 (2 + i 


The last special case corresponds to nodal region 19, which has two adiabatic surfaces and 
experiences heat transfer by conduction across the other two surfaces. 


Node 19: T\3 te To =| 2T 9 = 0 


The equations for nodes | through 21 may be solved simultaneously using HT, another 
commercial code, or a handheld calculator. The following results are obtained: 


1526.0 K 1525.3 K 1523.6 K 1521.9 K 1520.8 K 1520.5 K 
1519.7K 1518.8 K 1516.5 K 1514.5 K 1513.3 K 1512.9K 
1515.1 K 1513.7 K 1509.2 K 1506.4 K 1505.0 K 1504.5 K 


1513.4 K 1511.7K 1506.0 K 


254 Chapter 4. = Two-Dimensional, Steady-State Conduction 


The temperature field may also be represented in the form of isotherms, and four such lines of 
constant temperature are shown schematically. Also shown are heat flux lines that have been 
carefully drawn so that they are everywhere perpendicular to the isotherms and coincident with 
the symmetry adiabat. The surfaces that are exposed to the combustion gases and air are not 
isothermal, and therefore the heat flow lines are not perpendicular to these boundaries. 


Symmetry 
adiabat 


As expected, the maximum temperature exists at the location farthest removed from the 
coolant, which corresponds to node 1. Temperatures along the surface of the turbine blade 
exposed to the combustion gases are of particular interest. The finite-difference predictions 
are plotted below (with straight lines connecting the nodal temperatures). 


528 
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x (mm) 
The rate of heat transfer per unit length of channel may be calculated in two ways. 

Based on heat transfer from the blade to the air, it is 

q’ = 4h (Ay/2)(T, — Tj) + (Ay/2 + Ax/2)(T\; — Tx.) 

+ (Ax)(Tyg — Toy) + Ax(Tyy — To,) + (Axl2)\(Tig — To,)] 
Alternatively, based on heat transfer from the combustion gases to the blade, it is 
q =4h,[(Ax/2)(T24 — T,) + (Ax)(Teo — Tr) + (Ax\(Tao — Ts) 
+ (AX)(Too — Ta) + (AX)(Toxg — Ts) + (AX/2)(To9 — To)] 


4.5 uu Solving the Finite-Difference Equations 255 


where the factor of 4 originates from the symmetry conditions. In both cases, we obtain 


q' = 3540.6 Wim 


Comments: 


< 


1. In matrix notation, following Equation 4.48, the equations for nodes 1 through 21 are 


of the form [A][7] = [C], where 


-a 1 0 
-b 1 


| 
i 


[A] = [C] = 


| 
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With h,Ax/k = 0.04 and hAx/k = 0.008, the following coefficients in the equations 
can be calculated: a = 2.04, b = 4.08, c = 6.016, d = 4.016, e = 2.008, f = 68, and 
g = 3.2. By framing the equations as a matrix equation, standard tools for solving 


matrix equations may be used. 


2. To ensure that no errors have been made in formulating and solving the finite-differ- 
ence equations, the calculated temperatures should be used to verify that conservation 


of energy is satisfied for a control surface surrounding all nodal regions. This check 


has already been performed, since it was shown that the heat transfer rate from the 


combustion gases to the blade is equal to that from the blade to the air. 


3. The accuracy of the finite-difference solution may be improved by refining the grid. If, 
for example, we halve the grid spacing (Ax = Ay = 0.5 mm), thereby increasing the 


number of unknown nodal temperatures to 65, we obtain the following results for 


selected temperatures and the heat rate: 


T, = 1525.9K, T=1520.5K, T,;= 1509.2 K, 
T,g = 1504.5K, Ty = 1513.5K, T>, = 1505.7K, 
q' = 3539.9 W/m 


Agreement between the two sets of results is excellent. Of course, use of the finer 


mesh increases setup and computation time, and in many cases the results obtained 


from a coarse grid are satisfactory. Selection of the appropriate grid is a judgment 


that the engineer must make. 
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4. In the gas turbine industry, there is great interest in adopting measures that reduce blade 
temperatures. Such measures could include use of a different alloy of larger thermal con- 
ductivity and/or increasing coolant flow through the channel, thereby increasing h,. 
Using the finite-difference solution with Av = Ay = | mm, the following results are 
obtained for parametric variations of k and h;: 


k (W/m: K) h; (Wim?- K) T, (K) q' (Win) 
25 200 1526.0 3540.6 
50 200 1523.4 3563.3 
25 1000 1154.5 11,095.5 
50 1000 1138.9 11,320.7 


Why do increases in k and h; reduce temperature in the blade? Why is the effect of the 
change in 4; more significant than that of k? 


5. Note that, because the exterior surface of the blade is at an extremely high tempera- 
ture, radiation losses to its surroundings may be significant. In the finite-difference 
analysis, such effects could be considered by linearizing the radiation rate equation 
(see Equations 1.8 and 1.9) and treating radiation in the same manner as convection. 
However, because the radiation coefficient h, depends on the surface temperature, an 
iterative finite-difference solution would be necessary to ensure that the resulting sur- 
face temperatures correspond to the temperatures at which h, is evaluated at each 
nodal point. 


6. See Example 4.3 in JHT. This problem can also be solved using Tools, Finite- 
Difference Equations in the Advanced section of IHT. 


7. A second software package accompanying this text, Finite-Element Heat Transfer 
(FEHT), may also be used to solve one- and two-dimensional forms of the heat equa- 
tion. This example is provided as a solved model in FEHT and may be accessed 
through Examples on the Toolbar. 


4.6 Summary 


The primary objective of this chapter was to develop an appreciation for the nature of a two- 
dimensional conduction problem and the methods that are available for its solution. When 
confronted with a two-dimensional problem, one should first determine whether an exact 
solution is known. This may be done by examining some of the excellent references in which 
exact solutions to the heat equation are obtained [1-5]. One may also want to determine 
whether the shape factor or dimensionless conduction heat rate is known for the system of 
interest [6-10]. However, often, conditions are such that the use of a shape factor, dimension- 
less conduction heat rate, or an exact solution is not possible, and it is necessary to use a 
finite-difference or finite-element solution. You should therefore appreciate the inherent 
nature of the discretization process and know how to formulate and solve the finite-difference 


a Problems 
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equations for the discrete points of a nodal network. You may test your understanding of 
related concepts by addressing the following questions. 


¢ What is an isotherm? What is a heat flow line? How are the two lines related geometrically? 
¢ What is an adiabat? How is it related to a line of symmetry? How is it intersected by an 


isotherm? 


¢ What parameters characterize the effect of geometry on the relationship between the heat 
rate and the overall temperature difference for steady conduction in a two-dimensional 
system? How are these parameters related to the conduction resistance? 

¢ What is represented by the temperature of a nodal point, and how does the accuracy of a 
nodal temperature depend on prescription of the nodal network? 
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Problems 


Scientists, McGraw-Hill, New York, 1992. 


Exact Solutions 


4.1 In the method of separation of variables (Section 4.2) 


4.2 


for two-dimensional, steady-state conduction, the sepa- 
ration constant ? in Equations 4.6 and 4.7 must be a 
positive constant. Show that a negative or zero value of 
\? will result in solutions that cannot satisfy the pre- 
scribed boundary conditions. 


A two-dimensional rectangular plate is subjected to pre- 
scribed boundary conditions. Using the results of the exact 
solution for the heat equation presented in Section 4.2, 
calculate the temperature at the midpoint (1, 0.5) by con- 
sidering the first five nonzero terms of the infinite series 
that must be evaluated. Assess the error resulting from 
using only the first three terms of the infinite series. Plot 
the temperature distributions T(x, 0.5) and 7(1.0, y). 


T, =50°C4 


0 


2 Le, = 50°C 


4.3 Consider the two-dimensional rectangular plate of 


Problem 4.2 having a thermal conductivity of 50 W/m: K. 
Beginning with the exact solution for the temperature 
distribution, derive an expression for the heat transfer 
rate per unit thickness from the plate along the lower 
surface (0=x=2, y=0). Evaluate the heat rate 
considering the first five nonzero terms of the infinite 
series. 
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4.4 


4.5 
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A two-dimensional rectangular plate is subjected to the 
boundary conditions shown. Derive an expression for 
the steady-state temperature distribution 7(x, y). 


T=0 a 


A two-dimensional rectangular plate is subjected to 
prescribed temperature boundary conditions on three 
sides and a uniform heat flux into the plate at the top 
surface. Using the general approach of Section 4.2, 
derive an expression for the temperature distribution in 
the plate. 


0 mx 
0 [ L 
qT, 


Shape Factors and Dimensionless 
Conduction Heat Rates 


4.6 


4.7 


Using the thermal resistance relations developed in 
Chapter 3, determine shape factor expressions for the 
following geometries: 


(a) Plane wall, cylindrical shell, and spherical shell. 


(b) Isothermal sphere of diameter D buried in an infi- 
nite medium. 


Free convection heat transfer is sometimes quantified by 
writing Equation 4.20 as qeony = Ske AT, 2, Where Ker is 
an effective thermal conductivity. The ratio k./k is greater 
than unity because of fluid motion driven by buoyancy 
forces, as represented by the dashed streamlines. 


An experiment for the configuration shown yields a 
heat transfer rate per unit length of g/,,, = 110 W/m for 
surface temperatures of T; = 53°C and T, = 15°C, 
respectively. For inner and outer cylinders of diameters 
d = 20mm and D = 60 mm, and an eccentricity factor 
of z = 10mm, determine the value of k,-. The actual 
thermal conductivity of the fluid is k = 0.255 W/m: K. 


4.8 Consider Problem 4.5 for the case where the plate is of 


square cross section, W = L. 


(a) Derive an expression for the shape factor, S,,,,., aSSO- 
ciated with the maximum top surface temperature, 
such that g = Sinax K (Tomax — T,) where Ty max 18 the 
maximum temperature along y = W. 


(b) Derive an expression for the shape factor, Sjye, 
associated with the average top surface tempera- 
ture, gq = Savgk(T'r —T,) where T, is the average 
temperature along y = W. 

(c) Evaluate the shape factors that can be used to 
determine the maximum and average temperatures 
along y = W. Evaluate the maximum and average 
temperatures for T, = 0°C, L = W= 10mm, k= 
20 W/m: K, and q” = 1000 W/m?. 


4.9 Radioactive wastes are temporarily stored in a spheri- 


cal container, the center of which is buried a distance 
of 10 m below the earth’s surface. The outside diame- 
ter of the container is 2m, and 500W of heat are 
released as a result of radioactive decay. If the soil 
surface temperature is 20°C, what is the outside sur- 
face temperature of the container under steady-state 
conditions? On a sketch of the soil—container system 
drawn to scale, show representative isotherms and heat 
flow lines in the soil. 


4.10 Based on the dimensionless conduction heat rates for 


cases 12-15 in Table 4.1b, find shape factors for the fol- 
lowing objects having temperature 7,, located at the 
surface of a semi-infinite medium having temperature 7). 
The surface of the semi-infinite medium is adiabatic. 


(a) A buried hemisphere, flush with the surface. 


(b) A disk on the surface. Compare your result to Table 
4.la, case 10. 


(c) A square on the surface. 


(d) A buried cube, flush with the surface. 


(a) (b) and (c) (d) 


4.11 Determine the heat transfer rate between two particles of 


diameter D = 100 ym and temperatures T, = 300.1 K 


a Problems 


and T, = 299.9 K, respectively. The particles are in con- 
tact and are surrounded by air. 


D 


Ty qT, 


4.12 A two-dimensional object is subjected to isothermal 


conditions at its left and right surfaces, as shown in the 
schematic. Both diagonal surfaces are adiabatic and the 
depth of the object is L = 100 mm. 


(a) Determine the two-dimensional shape factor for the 
object for a = 10mm, b = 12mm. 


(b) 


Determine the two-dimensional shape factor for the 
object for a = 10mm, b = 15 mm. 

(c) Use the alternative conduction analysis of Section 
3.2 to estimate the shape factor for parts (a) and 
(b). Compare the values of the approximate shape 
factors of the alternative conduction analysis to the 


two-dimensional shape factors of parts (a) and (b). 


For T, = 100°C and T, = 60°C, determine the heat 
transfer rate per unit depth for k = 15 W/m-K for 
parts (a) and (b). 


(d) 


4.13 An electrical heater 100 mm long and 5 mm in diame- 


ter is inserted into a hole drilled normal to the surface 
of a large block of material having a thermal conduc- 
tivity of 5 W/m-K. Estimate the temperature reached 
by the heater when dissipating 50 W with the surface 
of the block at a temperature of 25°C. 


4.14 Two parallel pipelines spaced 0.5 m apart are buried in 


soil having a thermal conductivity of 0.5 W/m: K. The 
pipes have outer diameters of 100 and 75mm with 
surface temperatures of 175°C and 5°C, respectively. 
Estimate the heat transfer rate per unit length between 
the two pipelines. 


4.15 


4.16 


4.17 
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A small water droplet of diameter D = 100 wm and 
temperature T,,,, = 0°C falls on a nonwetting metal sur- 
face that is at temperature T, = —15°C. Determine how 
long it will take for the droplet to freeze completely. 
The latent heat of fusion is hy = 334 kJ/kg. 


i 


Water droplet 


D, Top 


A tube of diameter 50 mm having a surface temperature 
of 85°C is embedded in the center plane of a concrete 
slab 0.1 m thick with upper and lower surfaces at 20°C. 
Using the appropriate tabulated relation for this config- 
uration, find the shape factor. Determine the heat trans- 
fer rate per unit length of the tube. 


Nonwetting metal, 7, 


Pressurized steam at 450 K flows through a long, thin- 
walled pipe of 0.5-m diameter. The pipe is enclosed in a 
concrete casing that is of square cross section and 1.5m 
on a side. The axis of the pipe is centered in the casing, 
and the outer surfaces of the casing are maintained at 
300 K. What is the heat loss per unit length of pipe? 


The temperature distribution in laser-irradiated materi- 
als is determined by the power, size, and shape of the 
laser beam, along with the properties of the material 
being irradiated. The beam shape is typically Gaussian, 
and the local beam irradiation flux (often referred to as 
the laser fluence) is 


q'(x, y) = q(x = y = OexpO-x/7)° exp-y/r,)” 


The x- and y-coordinates determine the location of 
interest on the surface of the irradiated material. Con- 
sider the case where the center of the beam is located at 
x = y=r=0. The beam is characterized by a radius 
r,, defined as the radial location where the local fluence 
is g(r) = q"(r = O)/e = 0.368q"(r = 0). 

A shape factor for Gaussian heating is S = 27 
where S is defined in terms of Ty max — Tz [Nissin, Y. L., 
A. Lietoila, R. G. Gold, and J. F. Gibbons, J. Appl. 
Phys., 51, 274, 1980]. Calculate the maximum steady- 
state surface temperature associated with irradiation of 
a material of thermal conductivity k = 27 W/m-K and 
absorptivity a =0.45 by a Gaussian beam with 
r, = 0.1 mm and power P = 1 W. Compare your result 
with the maximum temperature that would occur if the 
irradiation was from a circular beam of the same diam- 
eter and power, but characterized by a uniform fluence 
(a flat beam). Also calculate the average temperature of 
the irradiated surface for the uniform fluence case. The 
temperature far from the irradiated spot is T, = 25°C. 


12 
Th, 
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4.21 


Chapter 4. = Two-Dimensional, Steady-State Conduction 


Hot water at 85°C flows through a thin-walled copper 
tube of 30-mm diameter. The tube is enclosed by an 
eccentric cylindrical shell that is maintained at 35°C and 
has a diameter of 120 mm. The eccentricity, defined as 
the separation between the centers of the tube and shell, 
is 20 mm. The space between the tube and shell is filled 
with an insulating material having a thermal conductiv- 
ity of 0.05 W/m:K. Calculate the heat loss per unit 
length of the tube, and compare the result with the heat 
loss for a concentric arrangement. 


A furnace of cubical shape, with external dimensions of 
0.35 m, is constructed from a refractory brick (fireclay). 
If the wall thickness is 50 mm, the inner surface tem- 
perature is 600°C, and the outer surface temperature is 
75°C, calculate the heat loss from the furnace. 


Laser beams are used to thermally process materials in 
a wide range of applications. Often, the beam is scanned 
along the surface of the material in a desired pattern. 
Consider the laser heating process of Problem 4.18, 
except now the laser beam scans the material at a scan- 
ning velocity of U. A dimensionless maximum surface 
temperature can be well correlated by an expression of 
the form [Nissin, Y. I., A. Lietoila, R. G. Gold, and J. F. 
Gibbons, J. Appl. Phys., 51, 274, 1980] 


T max,U=0 _ T, 


Fimo Tp 1 + 0.301Pe — 0.0108Pe 

for the range 0 < Pe < 10, where Pe is a dimensionless 
velocity known as the Peclet number. For this problem, 
Pe = Ur,/ 2a where a is the thermal diffusivity of the 
material. The maximum material temperature does not 
occur directly below the laser beam, but at a lag distance 
6 behind the center of the moving beam. The dimension- 
less lag distance can be correlated to Pe by [Sheng, I. C., 
and Y. Chen, J. Thermal Stresses, 14, 129, 1991] 


bu 0.944 Pe! 
a 
(a) For the laser beam size and shape and material of 
Problem 4.18, determine the laser power required to 
achieve Ty ya, = 200°C for U = 2 m/s. The density 
and specific heat of the material are p = 2000 kg/m? 
and c = 800 J/kg-K, respectively. 
(b) Determine the lag distance 6 associated with 
U=2 m/s. 


(c) Plot the required laser power to achieve T,,,.) = 
200°C forO = U=2 m/s. 


Shape Factors with Thermal Circuits 


4.22 


A double-glazed window consists of two sheets of 
glass separated by an L = 0.2-mm-thick gap. The gap 


is evacuated, eliminating conduction and convection 
across the gap. Small cylindrical pillars, each 
L=0.2mm long and D=0.15mm in diameter, are 
inserted between the glass sheets to ensure that the 
glass does not break due to stresses imposed by 
the pressure difference across each glass sheet. A con- 
tact resistance of Ri, = 1.5 X 10°°m?:K/W exists 
between the pillar and the sheet. For nominal glass 
temperatures of T, = 20°C and T, = —10°C, deter- 
mine the conduction heat transfer through an individ- 
ual stainless steel pillar. 


4.23 A pipeline, used for the transport of crude oil, is buried 


in the earth such that its centerline is a distance of 1.5 m 
below the surface. The pipe has an outer diameter of 
0.5m and is insulated with a layer of cellular glass 
100 mm thick. What is the heat loss per unit length of 
pipe when heated oil at 120°C flows through the pipe 
and the surface of the earth is at a temperature of 0°C? 


4.24 A long power transmission cable is buried at a depth 


(ground-to-cable-centerline distance) of 2m. The cable 
is encased in a thin-walled pipe of 0.1-m diameter, and, 
to render the cable superconducting (with essentially 
zero power dissipation), the space between the cable 
and pipe is filled with liquid nitrogen at 77K. If 
the pipe is covered with a superinsulator (k; = 
0.005 W/m: K) of 0.05-m thickness and the surface of 
the earth (k, = 1.2 W/m:K) is at 300K, what is the 
cooling load (W/m) that must be maintained by a cryo- 
genic refrigerator per unit pipe length? 


4.25 A small device is used to measure the surface tempera- 


ture of an object. A thermocouple bead of diameter 
D = 120 mm is positioned a distance z = 100 wm from 
the surface of interest. The two thermocouple wires, 
each of diameter d = 25 wm and length L = 300 wm, 
are held by a large manipulator that is at a temperature 
of T,, = 23°C. 


m 


Manipulator, 7, 


m 


d 
| 
i D, Ty Thermocouple 
z bead 
Tr, 
If the thermocouple registers a temperature of 


T,. = 29°C, what is the surface temperature? The thermal 


4.26 


4.27 


a Problems 


conductivities of the chromel and alumel thermocouple 
wires are kg, = 19 W/m: K and ky, = 29 W/m: K, respec- 
tively. You may neglect radiation and convection effects. 


A cubical glass melting furnace has exterior dimensions 
of width W = 5m on a side and is constructed from 
refractory brick of thickness L = 0.35 m and thermal 
conductivity k = 1.4 W/m:K. The sides and top of the 
furnace are exposed to ambient air at 25°C, with free 
convection characterized by an average coefficient of 
h =5W/m’:K. The bottom of the furnace rests on a 
framed platform for which much of the surface is 
exposed to the ambient air, and a convection coefficient 
of h = 5 W/m*+K may be assumed as a first approxi- 
mation. Under operating conditions for which combus- 
tion gases maintain the inner surfaces of the furnace at 
1100°C, what is the heat loss from the furnace? 


A hot fluid passes through circular channels of a cast 
iron platen (A) of thickness L, = 30mm which is in 
poor contact with the cover plates (B) of thickness 
Lg = 7.5 mm. The channels are of diameter D = 15 mm 
with a centerline spacing of L, = 60mm. The thermal 
conductivities of the materials are k, = 20 W/m: K and 
kg = 75 W/m-K, while the contact resistance between 
the two materials is R, = 2.0 X 10-4 m?-K/W. The hot 
fluid is at T; = 150°C, and the convection coefficient is 
1000 W/m?:K. The cover plate is exposed to ambient 
air at T., = 25°C with a convection coefficient of 
200 W/m?:K. The shape factor between one channel 
and the platen top and bottom surfaces is 4.25. 


Air é 
T.,, h —< 7 
Cover ! 7 
plate, B + [te 
;— Ri. 
Contact =D 
resistance : 
| 
Platen, A> | Te 
Cover -— Ri, 
plate, B —— [2s 
[_; 
Air * 
ae 


(a) Determine the heat rate from a single channel per 
unit length of the platen normal to the page, gj}. 


(b) Determine the outer surface temperature of the 
cover plate, T,. 


(c) Comment on the effects that changing the center- 
line spacing will have on g; and T,. How would 
insulating the lower surface affect g} and T,? 
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An aluminum heat sink (k = 240 W/m: K), used to cool 
an array of electronic chips, consists of a square channel 
of inner width w=25mm, through which liquid 
flow may be assumed to maintain a uniform surface 
temperature of T,; = 20°C. The outer width and length 
of the channel are W=40mm and L = 160 mm, 
respectively. 


Chip, T, 


Heat sink 
qT; 


Coolant 


If N = 120 chips attached to the outer surfaces of the 
heat sink maintain an approximately uniform surface 
temperature of 7, = 50°C and all of the heat dissipated 
by the chips is assumed to be transferred to the coolant, 
what is the heat dissipation per chip? If the contact resis- 
tance between each chip and the heat sink is R,. = 
0.2 K/W, what is the chip temperature? 


Hot water is transported from a cogeneration power sta- 
tion to commercial and industrial users through steel 
pipes of diameter D = 150 mm, with each pipe centered 
in concrete (k = 1.4 W/m-K) of square cross section 
(w = 300 mm). The outer surfaces of the concrete are 
exposed to ambient air for which 7,, = 0°C and h = 
25 W/m’: K. 


Concrete, k 
al 
Air 
T.., h w 
— 
= 4 


(a) If the inlet temperature of water flowing through 
the pipe is T; = 90°C, what is the heat loss per unit 
length of pipe in proximity to the inlet? The tem- 
perature of the pipe T, may be assumed to be that 
of the inlet water. 


If the difference between the inlet and outlet tem- 
peratures of water flowing through a 100-m-long 
pipe is not to exceed 5°C, estimate the minimum 


(b) 
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allowable flow rate m. A value of c = 4207 J/kg: K 
may be used for the specific heat of the water. 


A long constantan wire of 1-mm diameter is butt 
welded to the surface of a large copper block, forming a 
thermocouple junction. The wire behaves as a fin, per- 
mitting heat to flow from the surface, thereby depressing 
the sensing junction temperature 7; below that of the 
block T,. 


Air f 
Wee 10 


Thermocouple wire, D 


y 


Copper block, 7, 


(a) If the wire is in air at 25°C with a convection coef- 
ficient of 10 W/m’-K, estimate the measurement 
error (7; —T,) for the thermocouple when the 
block is at 125°C. 


For convection coefficients of 5, 10, and 25 W/m?-K, 


(b) 
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plot the measurement error as a function of the ther- 
mal conductivity of the block material over the range 
15 to 400 W/m:K. Under what circumstances is it 
advantageous to use smaller diameter wire? 


A hole of diameter D = 0.25 m is drilled through the 
center of a solid block of square cross section with 
w=1m on a side. The hole is drilled along the 
length, / = 2m, of the block, which has a thermal 
conductivity of k = 150 W/m-K. The four outer sur- 
faces are exposed to ambient air, with T.,5 = 25°C and 
h, = 4W/m?:K, while hot oil flowing through the hole 
is characterized by T,,., = 300°C and h, = 50 W/m’: K. 
Determine the corresponding heat rate and surface 
temperatures. 


hy TJ 


io, Td 


— w= 1 m—— 


In Chapter 3 we assumed that, whenever fins are attached 
to a base material, the base temperature is unchanged. 
What in fact happens is that, if the temperature of the base 
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material exceeds the fluid temperature, attachment of a fin 
depresses the junction temperature 7; below the original 
temperature of the base, and heat flow from the base 
material to the fin is two-dimensional. 


Tj IMO 


| 


Aluminum or 
| stainless steel 
base 


| Aluminum 
pin fin 


Consider conditions for which a long aluminum pin fin 
of diameter D = 5 mm is attached to a base material 
whose temperature far from the junction is maintained 
at T, = 100°C. Fin convection conditions correspond to 
h = 50 W/m’: K and T,, = 25°C. 

(a) What are the fin heat rate and junction tempera- 
ture when the base material is (i) aluminum (k = 
240 W/m:K) and (ii) stainless steel (k = 15 
W/m: K)? 

Repeat the foregoing calculations if a thermal con- 
tact resistance of R’’, = 3 X 10°° m*-K/W is asso- 
ciated with the method of joining the pin fin to the 
base material. 


(b) 


(c) 


Considering the thermal contact resistance, plot the 


heat rate as a function of the convection coefficient 
over the range 10 < h < 100 W/m*:K for each of 
the two materials. 


An igloo is built in the shape of a hemisphere, with an 
inner radius of 1.8 m and walls of compacted snow that 
are 0.5 m thick. On the inside of the igloo, the surface 
heat transfer coefficient is 6 W/m?-K; on the outside, 
under normal wind conditions, it is 15 W/m*-K. The 
thermal conductivity of compacted snow is 0.15 W/m: K. 
The temperature of the ice cap on which the igloo sits is 
—20°C and has the same thermal conductivity as the 
compacted snow. 


Arctic 


wind, 7. Igloo 


! fia 


Ice cap, T,, 
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Electronic device, 


z | Device 


a Problems 


(a) Assuming that the occupants’ body heat provides a 
continuous source of 320 W within the igloo, cal- 
culate the inside air temperature when the outside 
air temperature is T,, = —40°C. Be sure to consider 
heat losses through the floor of the igloo. 


(b) | Using the thermal circuit of part (a), perform a 
parameter sensitivity analysis to determine which 
variables have a significant effect on the inside air 
temperature. For instance, for very high wind con- 
ditions, the outside convection coefficient could 
double or even triple. Does it make sense to con- 


struct the igloo with walls half or twice as thick? 


Consider the thin integrated circuit (chip) of Problem 
3.150. Instead of attaching the heat sink to the chip 
surface, an engineer suggests that sufficient cooling 
might be achieved by mounting the top of the chip 
onto a large copper (k = 400 W/m-K) surface that is 
located nearby. The metallurgical joint between the 
chip and the substrate provides a contact resistance of 
R’.= 5 X 10°° m*:K/W, and the maximum allowable 
chip temperature is 85°C. If the large substrate temper- 
ature is T, = 25°C at locations far from the chip, what 
is the maximum allowable chip power dissipation q,? 


An electronic device, in the form of a disk 20 mm in 
diameter, dissipates 100 W when mounted flush on 
a large aluminum alloy (2024) block whose tempera- 
ture is maintained at 27°C. The mounting arrangement 
is such that a contact resistance of R’.=5 X 10° 
m’:K/W exists at the interface between the device and 
the block. 


Pin fins (30), D= 1.5 mm 
L=15mm 


Ty P Copper, 5-mm 


thickness 


Aluminum 
block, 7, 


(a) Calculate the temperature the device will reach, 
assuming that all the power generated by the device 
must be transferred by conduction to the block. 


(b) To operate the device at a higher power level, a 
circuit designer proposes to attach a finned heat sink 
to the top of the device. The pin fins and base mate- 
rial are fabricated from copper (k = 400 W/m: kK) 
and are exposed to an airstream at 27°C for which 
the convection coefficient is 1000 W/m*: K. For the 
device temperature computed in part (a), what is 


the permissible operating power? 


4.36 


4.37 


263 


The elemental unit of an air heater consists of a long 
circular rod of diameter D, which is encapsulated by a 
finned sleeve and in which thermal energy is generated 
by ohmic heating. The WN fins of thickness f and length L 
are integrally fabricated with the square sleeve of width 
w. Under steady-state operating conditions, the rate of 
thermal energy generation corresponds to the rate of heat 
transfer to airflow over the sleeve. 


Fins, N 
Sleeve, k, | | | “| 
aS _— + 
Airflow —_ 
Dou > pee —a 
T. 
_ Ss 
— 
—_k¢ —— wp ——>| 
Heater 
(q, ky) <+—++— L 


(a) Under conditions for which a uniform surface 
temperature 7, is maintained around the circum- 
ference of the heater and the temperature T,, 
and convection coefficient h of the airflow are 
known, obtain an expression for the rate of heat 
transfer per unit length to the air. Evaluate the 
heat rate for T, = 300°C, D = 20mm, an alu- 
minum sleeve (k, = 240 W/m-K), w = 40 mm, 
N= 16, t=4mm, L= 20mm, T,, = 50°C, and 
h = 500 W/m? K. 

For the foregoing heat rate and a copper heater of 
thermal conductivity k, = 400 W/m-K, what is the 
required volumetric heat generation within the heater 
and its corresponding centerline temperature? 


(b) 


(c) With all other quantities unchanged, explore the 
effect of variations in the fin parameters (N, L, t) on 
the heat rate, subject to the constraint that the fin 
thickness and the spacing between fins cannot be 


less than 2 mm. 


For a small heat source attached to a large substrate, the 
spreading resistance associated with multidimensional 
conduction in the substrate may be approximated by the 
expression [Yovanovich, M. M., and V. W. Antonetti, 
in Adv. Thermal Modeling Elec. Comp. and Systems, 
Vol. 1, A. Bar-Cohen and A. D. Kraus, Eds., Hemisphere, 
NY, 79-128, 1988] 


1 — 1.410A, + 0.34443 + 0.043 Ad + 0.03447 
Ak iy A 


Risp) = 
where A, = A,.,/A, sp iS the ratio of the heat source area 
to the substrate area. Consider application of the expres- 
sion to an in-line array of square chips of width L, = 
5 mm on a side and pitch S, = 10 mm. The interface 
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between the chips and a large substrate of thermal con- 
ductivity k,,, = 80 W/m-K is characterized by a ther- 
mal contact resistance of R’. = 0.5 X 10-* m?-K/W. 


Top view 

Substrate, k,., Chip, 7, 

Air , Side view 

a 

S++ Ly 
L, | = 
Substrate 
R" 


Le 


If a convection heat transfer coefficient of h = 
100 W/m?*:K is associated with airflow (T., = 15°C) 
over the chips and substrate, what is the maximum 
allowable chip power dissipation if the chip tempera- 
ture is not to exceed 7; = 85°C? 


Finite-Difference Equations: Derivations 


4.38 Consider nodal configuration 2 of Table 4.2. Derive the 
finite-difference equations under steady-state conditions 
for the following situations. 


(a) The horizontal boundary of the internal corner is 
perfectly insulated and the vertical boundary is sub- 
jected to the convection process (T,,, /). 


(b) Both boundaries of the internal corner are perfectly 
insulated. How does this result compare with 
Equation 4.41? 


4.39 Consider nodal configuration 3 of Table 4.2. Derive the 
finite-difference equations under steady-state conditions 
for the following situations. 


(a) The boundary is insulated. Explain how Equation 
4.42 can be modified to agree with your result. 


(b) The boundary is subjected to a constant heat flux. 


4.40 Consider nodal configuration 4 of Table 4.2. Derive the 
finite-difference equations under steady-state condi- 
tions for the following situations. 


(a) The upper boundary of the external corner is per- 
fectly insulated and the side boundary is subjected 
to the convection process (T,,, /). 


(b) Both boundaries of the external corner are perfectly 
insulated. How does this result compare with Equa- 
tion 4.43? 


4.41 One of the strengths of numerical methods is their 
ability to handle complex boundary conditions. In 


4.42 


4.43 
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the sketch, the boundary condition changes from 
specified heat flux gq’ (into the domain) to convection, 
at the location of the node (m, n). Write the steady- 
state, two-dimensional finite difference equation at 
this node. 


WAL we 
m,n i 


Determine expressions for G(m—1n) mm» Yontin) > (nny 
Qinn+1) > (mn) 24. Finn —1) > (mn) fOr conduction associated 
with a control volume that spans two different materials. 
There is no contact resistance at the interface between the 
materials. The control volumes are L units long into the 
page. Write the finite difference equation under steady- 
state conditions for node (m, n). 


be Ax —| 


Material A 
kp 


Material B 
kg 


Consider heat transfer in a one-dimensional (radial) 
cylindrical coordinate system under steady-state condi- 
tions with volumetric heat generation. 


(a) Derive the finite-difference equation for any inte- 
rior node m. 


(b) Derive the finite-difference equation for the node n 
located at the external boundary subjected to the 
convection process (T.., /). 


In a two-dimensional cylindrical configuration, the radial 
(Ar) and angular (A@) spacings of the nodes are uniform. 
The boundary at r = r; is of uniform temperature 7;. The 
boundaries in the radial direction are adiabatic (insulated) 
and exposed to surface convection (T7.., 1), as illustrated. 
Derive the finite-difference equations for (i) node 2, 
(11) node 3, and (iii) node 1. 


a Problems 


Uniform 
temperature 
surface, T, 


4.45 Upper and lower surfaces of a bus bar are convectively 
cooled by air at T.,, with h, # h, The sides are cooled 
by maintaining contact with heat sinks at T,, through a 
thermal contact resistance of R/. The bar is of thermal 
conductivity k, and its width is twice its thickness L. 


—= €&B ak 


“e me 
— 


Consider steady-state conditions for which heat is uni- 
formly generated at a volumetric rate g due to passage 
of an electric current. Using the energy balance method, 
derive finite-difference equations for nodes | and 13. 


4.46 Derive the nodal finite-difference equations for the fol- 
lowing configurations. 


(a) Node (m,n) on a diagonal boundary subjected to 
convection with a fluid at 7., and a heat transfer 
coefficient h. Assume Ax = Ay. 
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(b) Node (m, n) at the tip of a cutting tool with the upper 
surface exposed to a constant heat flux q’, and the 
diagonal surface exposed to a convection cooling 
process with the fluid at 7,, and a heat transfer 
coefficient h. Assume Ax = Ay. 


~ l,n-1 
\@ 


4.47 Consider the nodal point 0 located on the boundary 
between materials of thermal conductivity k, and kg. 


: $ Ma Material A 
ee ae ky 


Derive the finite-difference equation, assuming no 
internal generation. 


4.48 Consider the two-dimensional grid (Ax = Ay) represent- 
ing steady-state conditions with no internal volumetric 
generation for a system with thermal conductivity k. One 
of the boundaries is maintained at a constant temperature 
T, while the others are adiabatic. 


12 i ale 9 Bf: 
e e e e L oa 
13 4 5 6 7s 
e e e e o 
14 3 ©! Insulation 
= e e 
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Ay 
i Ne a s |__ Isothermal 
le Ax | boundary, T, 
“ 16 1 
A SI ARE, Insulation 


Derive an expression for the heat rate per unit length nor- 
mal to the page crossing the isothermal boundary (7,). 


4.49 Consider a one-dimensional fin of uniform cross- 
sectional area, insulated at its tip, x = L. (See Table 3.4, 
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case B). The temperature at the base of the fin 7, and of difference method with Ax = Ay = 100mm and 
the adjoining fluid T.,, as well as the heat transfer coef- treating the wood as a two-dimensional extended 
ficient h and the thermal conductivity k, are known. surface (Figure 3.17a), enlighten the students as to 
(a) Derive the finite-difference equation for any inte- whether location A or location B will be more 

rior node m. effective in igniting the wood by determining the 


(b) Derive the finite-difference equation for a node n maximum local steady-state temperature. 


located at the insulated tip. (b) Some students wonder whether the same technique 
can be used to melt a stainless steel hull. Repeat 
part (a) considering a stainless steel mockup of the 
same dimensions with k = 15 W/m: K and ¢ = 0.2. 
The value of the absorbed irradiation is the same as 
in part (a). 


Finite-Difference Equations: Analysis 


4.50 Consider the network for a two-dimensional system with- 
out internal volumetric generation having nodal tempera- 
tures shown below. If the grid spacing is 125mm and the —_ 4,52. Consider the square channel shown in the sketch oper- 


thermal conductivity of the material is 50 W/m: K, calcu- ating under steady-state conditions. The inner surface 
late the heat rate per unit length normal to the page from of the channel is at a uniform temperature of 600K, 
the isothermal surface (7;). while the outer surface is exposed to convection with a 
a Sea fluid at 300 K and a convection coefficient of 50 W/m? K. 
Roetes elaine) From a symmetrical element of the channel, a two- 
: a dimensional grid has been constructed and the nodes 
a eee 3 | 121.29 labeled. The temperatures for nodes 1, 3, 6, 8, and 9 are 
4 | 123.89 identified. 
a 3 4 6 6 5 | 134.57 
i ance kT: : ee T., = 300 K 1 2 3 4 
; IF. ; SS COOLS ERED h = 50 Wim*K ¢ : 2s a 
T, = 100°C . | y 
4.51 An ancient myth describes how a wooden ship was 1 va 5 6 df 
destroyed by soldiers who reflected sunlight from their 1 y 
polished bronze shields onto its hull, setting the ship | y, pea = Cam 
ablaze. To test the validity of the myth, a group of col- | | 8 yy | 
lege students are given mirrors and they reflect sunlight Fi T= 600 K : [ 


onto a 100mm X 100mm area of a t = 10-mm-thick 


plywood mockup characterized by k = 0.8 W/m: K. The is T,=430K Ts =T»=600K 
bottom of the mockup is in water at T,, = 20°C, while T3=394K 1,=492K 
the air temperature is T,, = 25°C. The surroundings are 
at T,,. = 23°C. The wood has an emissivity of ¢ = 0.90; (a) Beginning with properly defined control volumes, 
both the front and back surfaces of the plywood are char- derive the finite-difference equations for nodes 2, 
acterized by h = 5 W/m?:K. The absorbed irradiation 4, and 7 and determine the temperatures T,, T,, and 
from the N students’ mirrors is Gs y = 70,000 W/m? on T; (K). 
the front surface of the mockup. (b) Calculate the heat loss per unit length from the 
channel. 
| TL 7,, = 23°C : : 
Ip =800mm—_____+| {&% ae 4.53 A long conducting rod of rectangular cross section 
(20mm X 30mm) and thermal conductivity k= 
‘i 20 W/m:K experiences uniform heat generation at a 
° rate g = 5 X 10’ W/m’, while its surfaces are main- 
= 00'mm tained at 300 K. 
(a) Using a finite-difference method with a grid spac- 
ing of 5 mm, determine the temperature distribution 
Ty = 20°C in the rod. 


(b)|With the boundary conditions unchanged, what 
(a) A debate ensues concerning where the beam should heat generation rate will cause the midpoint tem- 
be focused, location A or location B. Using a finite perature to reach 600 K? 


4.54 


4.55 


4.56 


a Problems 


A flue passing hot exhaust gases has a square cross 
section, 300 mm to a side. The walls are constructed of 
refractory brick 150 mm thick with a thermal conduc- 
tivity of 0.85 W/m - K. Calculate the heat loss from the 
flue per unit length when the interior and exterior sur- 
faces are maintained at 350 and 25°C, respectively. Use 
a grid spacing of 75 mm. 


Steady-state temperatures (K) at three nodal points of a 
long rectangular rod are as shown. The rod experiences 
a uniform volumetric generation rate of 5 X 10’ W/m* 
and has a thermal conductivity of 20 W/m: K. Two of its 
sides are maintained at a constant temperature of 300K, 
while the others are insulated. 


tg ie yield STA PR Mets 


1 2 398.0 
5mm 
e o o ry 
348.5 3 374.6}, 


Uniform temperature, 300 K 


(a) Determine the temperatures at nodes 1, 2, and 3. 


(b) Calculate the heat transfer rate per unit length 
(W/m) from the rod using the nodal temperatures. 
Compare this result with the heat rate calculated 
from knowledge of the volumetric generation rate 
and the rod dimensions. 


Functionally graded materials are intentionally fabri- 
cated to establish a spatial distribution of properties in 
the final product. Consider an L X L two-dimensional 
object with L = 20mm. The thermal conductivity dis- 
tribution of the functionally graded material is k(x) = 
20 W/m: K + (7070 W/m": K) °. Two sets of boundary 
conditions, denoted as cases | and 2, are applied. 


Surface 3 


Surface 2 
Surface 1 


Surface 4 
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Case Surface Boundary Condition 
1 1 T = 100°C 

— 2 T = 50°C 

— 3 Adiabatic 

— 4 Adiabatic 

2 1 Adiabatic 

— 2, Adiabatic 

= 3 T = 50°C 

= 4 T = 100°C 


(a) Determine the spatially averaged value of the ther- 
mal conductivity k. Use this value to estimate the 
heat rate per unit length for cases | and 2. 

(b) Using a grid spacing of 2 mm, determine the heat 
rate per unit depth for case 1. Compare your result 
to the estimated value calculated in part (a). 

(c) Using a grid spacing of 2 mm, determine the heat 
rate per unit depth for case 2. Compare your result 
to the estimated value calculated in part (a). 


Steady-state temperatures at selected nodal points of 
the symmetrical section of a flow channel are known 
to be T,=95.47°C, T; = 117.3°C, T; = 79.79°C, 
Ts = 77.29°C, Tg = 87.28°C, and Ty = 77.65°C. The 
wall experiences uniform volumetric heat generation of 
q = 10° W/m? and has a thermal conductivity of k = 
10 W/m:K. The inner and outer surfaces of the chan- 
nel experience convection with fluid temperatures of 
T= 50°C and T,,,,= 25°C and convection coeffi- 
cients of h; =500 W/m?:K and h, = 250 W/m?:K. 


q Symmetry 
a plane 
| Ax = Ay = 25 mm 


: 2 | 
—? 2s s Xx 
7 8 9 2 
Surface A 
hg 


(a) Determine the temperatures at nodes 1, 4, 7, and 9. 


(b) Calculate the heat rate per unit length (W/m) from 
the outer surface A to the adjacent fluid. 


(c) Calculate the heat rate per unit length from the 
inner fluid to surface B. 

(d) Verify that your results are consistent with an over- 
all energy balance on the channel section. 


4.58 Consider an aluminum heat sink (k = 240 W/m:-K), 


such as that shown schematically in Problem 4.28. The 
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inner and outer widths of the square channel are 
w = 20mm and W = 40 mn, respectively, and an outer 
surface temperature of 7, = 50°C is maintained by the 
array of electronic chips. In this case, it is not the inner 
surface temperature that is known, but conditions 
(T.,,) associated with coolant flow through the chan- 
nel, and we wish to determine the rate of heat transfer 
to the coolant per unit length of channel. For this pur- 
pose, consider a symmetrical section of the channel and 
a two-dimensional grid with Ax = Ay = 5mm. 
(a) For T,, = 20°C and h = 5000 W/m? -K, determine 
the unknown temperatures, 7,, ..., 77, and the rate 
of heat transfer per unit length of channel, q’. 


Assess the effect of variations in h on the unknown 


(b) 


Heat sink, k 


4.59 


temperatures and the heat rate. 


3 


Coolant, 7.., 4 


1 Foor 


Conduction within relatively complex geometries can 
sometimes be evaluated using the finite-difference 
methods of this text that are applied to subdomains and 
patched together. Consider the two-dimensional 
domain formed by rectangular and cylindrical subdo- 
mains patched at the common, dashed control surface. 
Note that, along the dashed control surface, tempera- 
tures in the two subdomains are identical and local 
conduction heat fluxes to the cylindrical subdomain 
are identical to local conduction heat fluxes from the 
rectangular subdomain. 


Adiabatic 
surfaces 


4.60 


Calculate the heat transfer per unit depth into the page, 
q', using Ax = Ay = Ar = 10mm and Ad = 77/8. The 
base of the rectangular subdomain is held at J, = 20°C, 
while the vertical surface of the cylindrical subdomain 
and the surface at outer radius r, are at T,, = 0°C. The 
remaining surfaces are adiabatic, and the thermal con- 
ductivity is k = 10 W/m: K. 


Consider the two-dimensional tube of a noncircular 
cross section formed by rectangular and semicylindrical 
subdomains patched at the common dashed control sur- 
faces in a manner similar to that described in Problem 
4.59. Note that, along the dashed control surfaces, tem- 
peratures in the two subdomains are identical and local 
conduction heat fluxes to the semicylindrical subdo- 
main are identical to local conduction heat fluxes from 
the rectangular subdomain. The bottom of the domain 
is held at T, = 100°C by condensing steam, while the 
flowing fluid is characterized by the temperature and 
convection coefficient shown in the sketch. The 


remaining surfaces are insulated, and the thermal con- 
ductivity is k = 15 W/m: K. 


ae rm ————+| 
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Find the heat transfer rate per unit length of tube, g’, 
using Ax = Ay = Ar= 10mm and Ad = w/8. Aint: 
Take advantage of the symmetry of the problem by 
considering only half of the entire domain. 


The steady-state temperatures (°C) associated with selec- 
ted nodal points of a two-dimensional system having a 
thermal conductivity of 1.5 W/m-K are shown on the 
accompanying grid. 


Insulated 


T., = 30°C > 
= 50 Wim?-K 


—— 


th 


Isothermal boundary 
Tp = 200°C 


a Problems 


(a) Determine the temperatures at nodes 1, 2, and 3. 


(b) Calculate the heat transfer rate per unit thickness 
normal to the page from the system to the fluid. 


4.62 A steady-state, finite-difference analysis has been per- 
formed on a cylindrical fin with a diameter of 12 mm 
and a thermal conductivity of 15 W/m-K. The convec- 
tion process is characterized by a fluid temperature of 
25°C and a heat transfer coefficient of 25 W/m’: K. 


(a) The temperatures for the first three nodes, sepa- 
rated by a spatial increment of x = 10mm, are 
given in the sketch. Determine the fin heat rate. 


(b) Determine the temperature at node 3, 73. 
4.63 Consider the two-dimensional domain shown. All sur- 


faces are insulated except for the isothermal surfaces at 
x = Oand L. 


x 
— L=5H/3 —_. 


(a) Use a one-dimensional analysis to estimate the 
shape factor S. 


(b) Estimate the shape factor using a finite difference 
analysis with Ax = Ay = 0.05L. Compare your 
answer with that of part (a), and explain the differ- 
ence between the two solutions. 


4.64 Consider two-dimensional, steady-state conduction in a 
square cross section with prescribed surface temperatures. 


or 


100°C 
C 


i 2 
dl 2 
r4 ro 
50°C 200°C 
Ei 4 


> 
Ena 
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(a) Determine the temperatures at nodes 1, 2, 3, and 4. 
Estimate the midpoint temperature. 


(b) | Reducing the mesh size by a factor of 2, determine 
the corresponding nodal temperatures. Compare 
your results with those from the coarser grid. 

(c)| From the results for the finer grid, plot the 75, 150, 
and 250°C isotherms. 


4.65 Consider a long bar of square cross section (0.8 m to the 
side) and of thermal conductivity 2 W/m: K. Three of these 
sides are maintained at a uniform temperature of 300°C. 
The fourth side is exposed to a fluid at 100°C for which 
the convection heat transfer coefficient is 10 W/m’: K. 


(a) Using an appropriate numerical technique with a 
grid spacing of 0.2 m, determine the midpoint tem- 
perature and heat transfer rate between the bar and 
the fluid per unit length of the bar. 

(b)|Reducing the grid spacing by a factor of 2, 
determine the midpoint temperature and heat 
transfer rate. Plot the corresponding temperature 
distribution across the surface exposed to the fluid. 
Also, plot the 200 and 250°C isotherms. 


4.66 Consider a two-dimensional, straight triangular fin of 
length L = 50mm and base thickness t= 20mm. The 
thermal conductivity of the fin is k = 25 W/m-K. The 
base temperature is 7, = 50°C, and the fin is exposed to 
convection conditions characterized by h = 50 W/m?:K, 
T., = 20°C. Using a finite difference mesh with Ax = 
10 mm and Ay = 2 mm, and taking advantage of symme- 
try, determine the fin efficiency, 7 Compare your value of 
the fin efficiency with that reported in Figure 3.19. 


|_—_— L=50mm 


dh 


= 20°C 
= 50 Wim2:k 


4.67 


A common arrangement for heating a large surface area 


is to move warm air through rectangular ducts below 
the surface. The ducts are square and located midway 
between the top and bottom surfaces that are exposed to 
room air and insulated, respectively. 


Air duct— pe =30°C -—-T, = 80°C -—Concrete 


<— |, —> 


<—h—>| 


| j<— |, —>| 
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For the condition when the floor and duct temperatures device to nonintrusively determine the surface tempera- 
are 30 and 80°C, respectively, and the thermal conductiv- ture distribution. Predict the temperature distribution of 
ity of concrete is 1.4 W/m:K, calculate the heat rate from the painted surface, accounting for radiation heat trans- 
each duct, per unit length of duct. Use a grid spacing with fer with large surroundings at T,,, = 25°C. 


ae 2 Ree ean elem, 4.71 Consider using the experimental methodology of Prob- 


4.68 | Consider the gas turbine cooling scheme of Example 4.3. lem 4.70 to determine the convection coefficient distri- 


In Problem 3.23, advantages associated with applying a bution about an airfoil of complex shape. 
thermal barrier coating (TBC) to the exterior surface of 
a turbine blade are described. If a 0.5-mm-thick zirco- 


nia coating (k = 1.3 W/m:K, R/. = 10-4 m*:K/W) is | =e 25°C 
applied to the outer surface of the air-cooled blade, 
determine the temperature field in the blade for the A. 2 67 8 4 19 11 


operating conditions of Example 4.3. 


4.69 A long, solid cylinder of diameter D = 25 mm is formed 
of an insulating core that is covered with a very thin 
(t = 50 xm), highly polished metal sheathing of thermal 
conductivity k= 25 W/m-K. Electric current flows 
through the stainless steel from one end of the cylinder to 


3 27 26 25 2423 95 


21 90 
Metal sheathing 18 17 


the other, inducing uniform volumetric heating within the Accounting for conduction in the metal sheathing and 
sheathing of g = 5 X 10° W/m’. As will become evident radiation losses to the large surroundings, determine the 
in Chapter 6, values of the convection coefficient convection heat transfer coefficients at the locations 
between the surface and air for this situation are spa- shown. The surface locations at which the temperatures 
tially nonuniform, and for the airstream conditions of are measured are spaced 2 mm apart. The thickness of 
the experiment, the convection heat transfer coefficient the metal sheathing is t = 20 jum, the volumetric gener- 
varies with the angle 0 as h(@) = 26 + 0.6370 — 8.9267 ation rate is ¢ = 20 X 10° W/m’, the sheathing’s ther- 
for 0 <6 < m/2 and h(6) = 5 for 7/2 <0 <7. mal conductivity is k = 25 W/m:K, and the emissivity 


of the painted surface is ¢= 0.98. Compare your 

results to cases where (i) both conduction along the 
D=25mm sheathing and radiation are neglected, and (11) when 
only radiation is neglected. 


t= 50 pm 


——— 
r Temperature Temperature Temperature 

Metal sheathing Location (°C) Location (°C) Location (°C) 

—— g=5 X 10° W/m3 
k= 25 W/m:K 1 27.77 11 34.29 21 31.13 
Insulation 2 27.67 12 36.78 22 30.64 
3 27.71 13 39.29 23 30.60 
4 27.83 14 41.51 24 30.77 
(a) Neglecting conduction in the @-direction within the 5 28.06 15 42.68 25 31.16 
stainless steel, plot the temperature distribution 6 98.47 16 42.84 26 31.52 
1(0) for0 = 6 = q for T., = 25°C. 7 28.98 7 41.29 27 31.85 
(b) Accounting for 0-direction conduction in the stain- 8 29.67 18 37.89 28 31.51 
less steel, determine temperatures in the stainless 9 30.66 19 34.51 29 29.91 
steel at increments of A@ = 7/20 for OS 07. 10 30.18 20 32.36 30 98.42 


Compare the temperature distribution with that of 
part (a). 

Hint: The temperature distribution is symmetrical 
about the horizontal centerline of the cylinder. 


4.72 | A thin metallic foil of thickness 0.25 mm with a pattern 
of extremely small holes serves as an acceleration grid 
to control the electrical potential of an ion beam. Such a 
4.70 Consider Problem 4.69. An engineer desires to measure grid is used in a chemical vapor deposition (CVD) 
the surface temperature of the thin sheathing by painting process for the fabrication of semiconductors. The top 
it black (e = 0.98) and using an infrared measurement surface of the grid is exposed to a uniform heat flux 


4.74 


+ Vacuum enclosure, T. 


a Problems 


caused by absorption of the ion beam, g” = 600 W/m’. 
The edges of the foil are thermally coupled to water- 
cooled sinks maintained at 300 K. The upper and lower 
surfaces of the foil experience radiation exchange with 
the vacuum enclosure walls maintained at 300K. The 
effective thermal conductivity of the foil material is 
40 W/m: K, and its emissivity is 0.45. 


sur 


lon beam, q¥ 


@ 
le hole 


pattern 
Grid L=115mm 
Water-cooled electrode 

sink, Tink 


Assuming one-dimensional conduction and using a 
finite-difference method representing the grid by 10 
nodes in the x-direction, estimate the temperature distri- 
bution for the grid. Hint: For each node requiring an 
energy balance, use the linearized form of the radiation 
rate equation, Equation 1.8, with the radiation coefficient 
h,, Equation 1.9, evaluated for each node. 


4.73 | A long bar of rectangular cross section, 0.4m X 0.6m on 


a side and having a thermal conductivity of 1.5 W/m-K, 
is subjected to the boundary conditions shown. 


Uniform temperature, 
T= 200°C 


h 


Insulated ——*) 


L_ 


Uniform temperature, 
T=200°C 


Two of the sides are maintained at a uniform tempera- 
ture of 200°C. One of the sides is adiabatic, and the 
remaining side is subjected to a convection process 
with T,, = 30°C and h = 50 W/m?:K. Using an appro- 
priate numerical technique with a grid spacing of 0.1 m, 
determine the temperature distribution in the bar and 
the heat transfer rate between the bar and the fluid per 
unit length of the bar. 


The top surface of a plate, including its grooves, is main- 
tained at a uniform temperature of T, = 200°C. The lower 
surface is at T, = 20°C, the thermal conductivity is 
15 W/m: K, and the groove spacing is 0.16 m. 
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(a) Using a finite-difference method with a mesh size 
of Ax = Ay = 40mm, calculate the unknown nodal 
temperatures and the heat transfer rate per width of 
groove spacing (w) and per unit length normal to 
the page. 

(b) | With a mesh size of Ax = Ay = 10mm, repeat the 
foregoing calculations, determining the temperature 
field and the heat rate. Also, consider conditions for 
which the bottom surface is not at a uniform tempera- 
ture T, but is exposed to a fluid at T,, = 20°C. With 
Ax = Ay = 10mm, determine the temperature field 
and heat rate for values of h = 5, 200, and 1000 
W/m*:K, as well as for h > ©. 


4.75 | Refer to the two-dimensional rectangular plate of Prob- 


lem 4.2. Using an appropriate numerical method with 
Ax = Ay = 0.25m, determine the temperature at the 
midpoint (1, 0.5). 


4.76| The shape factor for conduction through the edge of 


adjoining walls for which D > L/5, where D and L are 
the wall depth and thickness, respectively, is shown in 
Table 4.1. The two-dimensional symmetrical element 
of the edge, which is represented by inset (a), is 
bounded by the diagonal symmetry adiabat and a sec- 
tion of the wall thickness over which the temperature 
distribution is assumed to be linear between T and 75. 
y 
al Ty T> T> T> 


Linear temperature a 
distribution os if Symmetry 
f adiabat 
ces, a 
v| 
; J Ax 
hee T; 3 
(be (a) 
t—T, y 


| 
I 
<— |, —> a 
| 
| 


(a) Using the nodal network of inset (a) with L = 40 mm, 
determine the temperature distribution in the element 
for T, = 100°C and T, = 0°C. Evaluate the heat rate 
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per unit depth (D = 1 m) if k = 1 W/m-K. Determine 
the corresponding shape factor for the edge, and 
compare your result with that from Table 4.1. 
(b) Choosing a value of n = 1 orn = 1.5, establish a 
nodal network for the trapezoid of inset (b) and 
determine the corresponding temperature field. 
Assess the validity of assuming linear temperature 


distributions across sections a—a and b—b. 


The diagonal of a long triangular bar is well insulated, 
while sides of equivalent length are maintained at uni- 
form temperatures T, and T,. 


T, = 100°C} 


Insulation 


Ur, =0°C 


(a) Establish a nodal network consisting of five nodes 
along each of the sides. For one of the nodes on the 
diagonal surface, define a suitable control volume and 
derive the corresponding finite-difference equation. 
Using this form for the diagonal nodes and appropri- 
ate equations for the interior nodes, find the temper- 
ature distribution for the bar. On a scale drawing of 
the shape, show the 25, 50, and 75°C isotherms. 


An alternate and simpler procedure to obtain the 
finite-difference equations for the diagonal nodes fol- 
lows from recognizing that the insulated diagonal sur- 
face is a symmetry plane. Consider a square 5 X 5 
nodal network, and represent its diagonal as a symme- 
try line. Recognize which nodes on either side of the 
diagonal have identical temperatures. Show that you 
can treat the diagonal nodes as “interior” nodes and 
write the finite-difference equations by inspection. 


(b) 


A straight fin of uniform cross section is fabricated from 
a material of thermal conductivity 50 W/m: K, thickness 
w = 6mm, and length L = 48 mm, and it is very long in 
the direction normal to the page. The convection heat 
transfer coefficient is 500 W/m? K with an ambient air 
temperature of T., = 30°C. The base of the fin is main- 
tained at T, = 100°C, while the fin tip is well insulated. 


i Ae 


Insulated 


(a 


(a) Using a finite-difference method with a space 
increment of 4mm, estimate the temperature distri- 
bution within the fin. Is the assumption of one- 
dimensional heat transfer reasonable for this fin? 


(b) Estimate the fin heat transfer rate per unit length 
normal to the page. Compare your result with the 
one-dimensional, analytical solution, Equation 3.81. 

(c) Using the finite-difference mesh of part (a), compute 

and plot the fin temperature distribution for values 

of h = 10, 100, 500, and 1000 W/m?:K. Determine 


and plot the fin heat transfer rate as a function of h. 


A rod of 10-mm diameter and 250-mm length has one 
end maintained at 100°C. The surface of the rod expe- 
riences free convection with the ambient air at 25°C 
and a convection coefficient that depends on the differ- 
ence between the temperature of the surface and the 
ambient air. Specifically, the coefficient is prescribed 
by a correlation of the form, /;, = 2.89[0.6 + 0.624 
(T — T.,)°}°, where the units are /;, (W/m?: K) and T (K). 
The surface of the rod has an emissivity e = 0.2 and 
experiences radiation exchange with the surroundings 
at T,,. = 25°C. The fin tip also experiences free convec- 


sur 
tion and radiation exchange. 


Quiescent air, 
T= 25°C 


Stainless steel rod = 
k=14W mK, € = 0.2 


L=250 mm 
Lx 


Assuming one-dimensional conduction and using a 
finite-difference method representing the fin by five 
nodes, estimate the temperature distribution for the fin. 
Determine also the fin heat rate and the relative contri- 
butions of free convection and radiation exchange. 
Hint: For each node requiring an energy balance, use 
the linearized form of the radiation rate equation, Equa- 
tion 1.8, with the radiation coefficient h,, Equation 1.9, 
evaluated for each node. Similarly, for the convection 
rate equation associated with each node, the free con- 
vection coefficient ;, must be evaluated for each node. 


A simplified representation for cooling in very large-scale 
integration (VLSI) of microelectronics is shown in the 
sketch. A silicon chip is mounted in a dielectric substrate, 
and one surface of the system is convectively cooled, 
while the remaining surfaces are well insulated from the 
surroundings. The problem is rendered two-dimensional 


a Problems 


by assuming the system to be very long in the direction 
perpendicular to the paper. Under steady-state operation, 
electric power dissipation in the chip provides for uni- 
form volumetric heating at a rate of g. However, the 
heating rate is limited by restrictions on the maximum 
temperature that the chip is allowed to achieve. 


Coolant 

Chip 
", = 20°C k, = 50 W/m-K 
h = 500 W/m2+K g= 10’ Wim? 


4.81 


}«— ][/3 —>] 
Substrate, 
k, = 5 W/mK 


0 if 

Err a ee | 

Y . 
as 


For the conditions shown on the sketch, will the maxi- 
mum temperature in the chip exceed 85°C, the maximum 
allowable operating temperature set by industry stan- 
dards? A grid spacing of 3 mm is suggested. 


A heat sink for cooling computer chips is fabricated from 
copper (k, = 400 W/m-K), with machined microchan- 
nels passing a cooling fluid for which T= 25°C and 
h = 30,000 W/m?:K. The lower side of the sink experi- 
ences no heat removal, and a preliminary heat sink design 
calls for dimensions of a = b = w, = wp = 200 um. A 
symmetrical element of the heat path from the chip to the 
fluid is shown in the inset. 


at 


*+—Microchannel ~; 


Insulation 


We 
>= os _ 


2 2 


(a) Using the symmetrical element with a square nodal 
network of Ax = Ay = 100 wm, determine the corre- 
sponding temperature field and the heat rate g’ to the 
coolant per unit channel length (W/m) for a maximum 
allowable chip temperature T,, ya, = 75°C. Estimate 
the corresponding thermal resistance between the 
chip surface and the fluid, R/,,(m-K/W). What is 
the maximum allowable heat dissipation for a chip 
that measures 10mm X 10mm on a side? 


4.82 
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(b) The grid spacing used in the foregoing finite-difference 
solution is coarse, resulting in poor precision for 
the temperature distribution and heat removal rate. 
Investigate the effect of grid spacing by consider- 
ing spatial increments of 50 and 25 um. 


(c) Consistent with the requirement that a + b = 400 wm, 
can the heat sink dimensions be altered in a manner 
that reduces the overall thermal resistance? 

A plate (k = 10 W/m:K) is stiffened by a series of lon- 


gitudinal ribs having a rectangular cross section with 
length L = 8mm and width w = 4mm. The base of the 
plate is maintained at a uniform temperature T, = 
45°C, while the rib surfaces are exposed to air at a tem- 
perature of T,, = 25°C and a convection coefficient of 
h = 600 W/m’: K. 
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(a) Using a finite-difference method with Ax = Ay = 
2mm and a total of 5 X 3 nodal points and regions, 
estimate the temperature distribution and the heat 
rate from the base. Compare these results with those 
obtained by assuming that heat transfer in the rib is 
one-dimensional, thereby approximating the behav- 
ior of a fin. 

(b) The grid spacing used in the foregoing finite- 
difference solution is coarse, resulting in poor pre- 
cision for estimates of temperatures and the heat 
rate. Investigate the effect of grid refinement by 
reducing the nodal spacing to Ax = Ay = 1 mm (a 
9 X 3 grid) considering symmetry of the center line. 
(c) Investigate the nature of two-dimensional conduc- 
tion in the rib and determine a criterion for which the 
one-dimensional approximation is reasonable. Do so 
by extending your finite-difference analysis to deter- 
mine the heat rate from the base as a function of the 
length of the rib for the range 1.5 = L/w = 10, keep- 
ing the length L constant. Compare your results with 
those determined by approximating the rib as a fin. 


The bottom half of an I-beam providing support for a 
furnace roof extends into the heating zone. The web is 
well insulated, while the flange surfaces experience 
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convection with hot gases at T,, = 400°C and a convec- 
tion coefficient of h = 150W/m*-K. Consider the 
symmetrical element of the flange region (inset a), 
assuming that the temperature distribution across the 
web is uniform at 7,, = 100°C. The beam thermal con- 
ductivity is 10W/m:K, and its dimensions are 
w, = 80mm, w,, = 30 mm, and L = 30 mm. 


Assume 


a4 py in 
mS Uniform ? 
ee if 
E 
f eX 


(b) 


(a) Calculate the heat transfer rate per unit length to 
the beam using a5 X 4 nodal network. 

(b) Is it reasonable to assume that the temperature dis- 

tribution across the web-flange interface is uni- 

form? Consider the L-shaped domain of inset (b) 

and use a fine grid to obtain the temperature distri- 

bution across the web-flange interface. Make the 


distance w, = w,,/2. 


A long bar of rectangular cross section is 60mm X 
90mm on a side and has a thermal conductivity of 
1W/m:K. One surface is exposed to a convection 
process with air at 100°C and a convection coefficient 
of 100 W/m?:K, while the remaining surfaces are main- 
tained at 50°C. 


T, = 50°C 
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(a) Using a grid spacing of 30mm and the Gauss-Seidel 
iteration method, determine the nodal temperatures 
and the heat rate per unit length normal to the page 
into the bar from the air. 


(b) | Determine the effect of grid spacing on the temper- 
ature field and heat rate. Specifically, consider a 
grid spacing of 15 mm. For this grid, explore the 
effect of changes in / on the temperature field and 


the isotherms. 


A long trapezoidal bar is subjected to uniform tempera- 
tures on two surfaces, while the remaining surfaces are 
well insulated. If the thermal conductivity of the mate- 
rial is 20 W/m: K, estimate the heat transfer rate per unit 
length of the bar using a finite-difference method. Use 
the Gauss-Seidel method of solution with a space incre- 
ment of 10mm. 


a Insulation 


50 mm 


T,= 100°C be 30 mm—| 


Small-diameter electrical heating elements dissipating 
50 W/m (length normal to the sketch) are used to heat a 
ceramic plate of thermal conductivity 2W/m:-K. The 
upper surface of the plate is exposed to ambient air at 
30°C with a convection coefficient of 100 W/m?-K, 
while the lower surface is well insulated. 


Ceramic plate | 


Heating “ene 


+ - 


= 


2mm '«—24mm— rie 24 mm——> 


(a) Using the Gauss-Seidel method with a grid spac- 
ing of Ax = 6mm and Ay = 2mm, obtain the tem- 
perature distribution within the plate. 


(b) Using the calculated nodal temperatures, sketch 
four isotherms to illustrate the temperature distri- 
bution in the plate. 

(c) Calculate the heat loss by convection from the 
plate to the fluid. Compare this value with the ele- 


ment dissipation rate. 


a Problems 


(d) What advantage, if any, is there in not making 
Ax = Ay for this situation? 


(e)| With Ax = Ay = 2 mm, calculate the temperature 


field within the plate and the rate of heat transfer 
from the plate. Under no circumstances may the 
temperature at any location in the plate exceed 
400°C. Would this limit be exceeded if the airflow 
were terminated and heat transfer to the air were by 
natural convection with h = 10 W/m?:K? 


Special Applications: Finite Element Analysis 
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A straight fin of uniform cross section is fabricated 
from a material of thermal conductivity k = 5 W/m-K, 
thickness w = 20 mm, and length L = 200 mm. The fin 
is very long in the direction normal to the page. The 
base of the fin is maintained at 7, = 200°C, and the tip 
condition allows for convection (case A of Table 3.4), 
with h = 500 W/m’: K and T., = 25°C. 


T,, = 100°C 
h= 500 Wim*K 
T,, = 200°C k =5 W/mK 
, y T., h 
| 
w= 20mm L=200 mm 


(a) Assuming one-dimensional heat transfer in the fin, 
calculate the fin heat rate, qj (W/m), and the tip 
temperature T,. Calculate the Biot number for the 
fin to determine whether the one-dimensional 
assumption is valid. 


(b) Using the finite-element method of FEHT, perform a 
two-dimensional analysis on the fin to determine the 
fin heat rate and tip temperature. Compare your 
results with those from the one-dimensional, analyti- 
cal solution of part (a). Use the View/Temperature 
Contours option to display isotherms, and discuss 
key features of the corresponding temperature field 
and heat flow pattern. Hint: In drawing the outline of 
the fin, take advantage of symmetry. Use a fine mesh 
near the base and a coarser mesh near the tip. Why? 


(c) Validate your FEHT model by comparing predic- 
tions with the analytical solution for a fin with 
thermal conductivities of k=50W/m-K and 
500 W/m-K. Is the one-dimensional heat transfer 


assumption valid for these conditions? 
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Consider the long rectangular bar of Problem 4.84 with 
the prescribed boundary conditions. 


(a) Using the finite-element method of FEHT, determine 
the temperature distribution. Use the View/Tempera- 
ture Contours command to represent the isotherms. 
Identify significant features of the distribution. 


(b) Using the View/Heat Flows command, calculate 
the heat rate per unit length (W/m) from the bar to 


the airstream. 


Explore the effect on the heat rate of increasing the 
convection coefficient by factors of two and three. 
Explain why the change in the heat rate is not pro- 
portional to the change in the convection coefficient. 


Consider the long rectangular rod of Problem 4.53, 
which experiences uniform heat generation while its 
surfaces are maintained at a fixed temperature. 


(a) Using the finite-element method of FEHT, determine 
the temperature distribution. Use the View/Tempera- 
ture Contours command to represent the isotherms. 
Identify significant features of the distribution. 


(b) With the boundary conditions unchanged, what 
heat generation rate will cause the midpoint tem- 
perature to reach 600 K? 


Consider the symmetrical section of the flow channel of 
Problem 4.57, with the prescribed values of q, k, Tj, 
T2,o, hi, and h,. Use the finite-element method of FEHT 
to obtain the following results. 


(a) Determine the temperature distribution in the sym- 
metrical section, and use the View/Temperature 
Contours command to represent the isotherms. 
Identify significant features of the temperature dis- 
tribution, including the hottest and coolest regions 
and the region with the steepest gradients. Describe 
the heat flow field. 


(b) Using the View/Heat Flows command, calculate 
the heat rate per unit length (W/m) from the outer 


surface A to the adjacent fluid. 


(c) 


Calculate the heat rate per unit length from the 
inner fluid to surface B. 


(d) 


Verify that your results are consistent with an over- 
all energy balance on the channel section. 


The hot-film heat flux gage shown schematically may 
be used to determine the convection coefficient of an 
adjoining fluid stream by measuring the electric power 
dissipation per unit area, P’ (W/m?), and the average 
surface temperature, 7,,, of the film. The power dissi- 
pated in the film is transferred directly to the fluid by 
convection, as well as by conduction into the substrate. 
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If substrate conduction is negligible, the gage measure- 
ments can be used to determine the convection coeffi- 
cient without application of a correction factor. Your 
assignment is to perform a two-dimensional, steady- 
state conduction analysis to estimate the fraction of the 
power dissipation that is conducted into a 2-mm-thick 
quartz substrate of width W = 40 mm and thermal con- 
ductivity k = 1.4 W/m-K. The thin, hot-film gage has a 
width of w = 4mm and operates at a uniform power 
dissipation of 5000 W/m?. Consider cases for which the 
fluid temperature is 25°C and the convection coefficient 
is 500, 1000, and 2000 W/m? K. 


Hot-thin film, 
P*'= 5000 W/m? 
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(b) 


Determine the effect of grid spacing on the tem- 
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Use the finite-element method of FEHT to analyze a 
symmetrical half-section of the gage and the quartz 
substrate. Assume that the lower and end surfaces of 
the substrate are perfectly insulated, while the upper 
surface experiences convection with the fluid. 


(a) Determine the temperature distribution and the con- 
duction heat rate into the region below the hot film 
for the three values of h. Calculate the fractions of 
electric power dissipation represented by these 
rates. Hint: Use the View/Heat Flow command to 
find the heat rate across the boundary elements. 


(b) Use the View/Temperature Contours command to 
view the isotherms and heat flow patterns. Describe 
the heat flow paths, and comment on features of the 
gage design that influence the paths. What limita- 
tions on applicability of the gage have been 


revealed by your analysis? 


Consider the system of Problem 4.54. The interior sur- 
face is exposed to hot gases at 350°C with a convection 
coefficient of 100 W/m?-K, while the exterior surface 
experiences convection with air at 25°C and a convec- 
tion coefficient of 5 W/m?:K. 


(a) Using a grid spacing of 75 mm, calculate the temper- 
ature field within the system and determine the heat 
loss per unit length by convection from the outer sur- 
face of the flue to the air. Compare this result with 
the heat gained by convection from the hot gases to 
the air. 


perature field and heat loss per unit length to the 
air. Specifically, consider a grid spacing of 25 mm 
and plot appropriately spaced isotherms on a 
schematic of the system. Explore the effect of 
changes in the convection coefficients on the tem- 
perature field and heat loss. 


Electronic devices dissipating electrical power can be 
cooled by conduction to a heat sink. The lower surface 
of the sink is cooled, and the spacing of the devices w,, 
the width of the device w,, and the thickness L and ther- 
mal conductivity & of the heat sink material each affect 
the thermal resistance between the device and the 
cooled surface. The function of the heat sink is to 
spread the heat dissipated in the device throughout the 
sink material. 


—w, = 48 mm—>| Device, T, = 85°C 
eb Wg =18mm | 
a . u = 
L=24mm | | | | 
r 7 
Sink material, Cooled surface, 7, = 25°C 
k = 300 W/m-K 
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(a) Beginning with the shaded symmetrical element, 
use a coarse (5 X 5) nodal network to estimate the 
thermal resistance per unit depth between the device 
and lower surface of the sink, R/;-, (m+ K/W). How 
does this value compare with thermal resistances 
based on the assumption of one-dimensional con- 
duction in rectangular domains of (i) width w, and 
length L and (ii) width w, and length L? 


(b) Using nodal networks with grid spacings three and 
five times smaller than that in part (a), determine 
the effect of grid size on the precision of the ther- 


mal resistance calculation. 


(c) Using the finer nodal network developed for 
part (b), determine the effect of device width on the 
thermal resistance. Specifically, keeping w, and L 
fixed, find the thermal resistance for values of 


w,/w, = 0.175, 0.275, 0.375, and 0.475. 


Consider one-dimensional conduction in a plane 
composite wall. The exposed surfaces of materials A 
and B are maintained at T, = 600 K and T, = 300K, 
respectively. Material A, of thickness L, = 20 mm, 
has a temperature-dependent thermal conductivity of 
k,=k,U+a(T-—T,)], where k, =4.4 W/m-K, 
a =0.008K~', T, = 300K, and T is in kelvins. 
Material B is of thickness ZL, = 5 mm and has a ther- 
mal conductivity of k, = 1 W/m: K. 
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(a 


oS 


(b) 


(c) 


a Problems 


k= kT) 


T, = 600 K 


Lx 


L, L,+L, 
Calculate the heat flux through the composite wall 
by assuming material A to have a uniform thermal 
conductivity evaluated at the average temperature 
of the section. 


Using a space increment of 1 mm, obtain the finite- 
difference equations for the internal nodes and 
calculate the heat flux considering the temperature- 
dependent thermal conductivity for Material A. If 
the JHT software is employed, call-up functions 
from Tools/Finite-Difference Equations may be used 
to obtain the nodal equations. Compare your result 
with that obtained in part (a). 

As an alternative to the finite-difference method of 
part (b), use the finite-element method of FEHT to 
calculate the heat flux, and compare the result with 
that from part (a). Hint: In the Specify/Material 
Properties box, properties may be entered as a func- 
tion of temperature (7), the space coordinates (x, y), 
or time (t). See the Help section for more details. 


A platen of thermal conductivity k = 15 W/m-K is 
heated by flow of a hot fluid through channels of width 


Ls= 


20mm, with T.,; = 200°C and h; = 500 W/m? K. 


The upper surface of the platen is used to heat a process 
fluid at T,,,, = 25°C with a convection coefficient of 
h, = 250 W/m*:K. The lower surface of the platen is 
insulated. To heat the process fluid uniformly, the tem- 
perature of the platen’s upper surface must be uniform 
to within 5°C. Use a finite-difference method, such as 


Paw 


that of JHT, or the finite-element method of FEHT to 
obtain the following results. 


— 
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(a) 


(b) 


Tyo = 25°C 
h, = 250 W/m?+K 
Temperature 
fr uniformity of 5°C Platen, 
' required k=15 W/mK 


Heating channel 
T..j = 200°C 
hj = 500 W/mK 


=— Insulation 


Determine the maximum allowable spacing W 
between the channel centerlines that will satisfy the 
specified temperature uniformity requirement. 


What is the corresponding heat rate per unit length 
from a flow channel? 


Consider the cooling arrangement for the very large-scale 
integration (VLSI) chip of Problem 4.93. Use the finite- 
element method of FEHT to obtain the following results. 


(a) 


(b) 


(c) 


Determine the temperature distribution in the chip- 
substrate system. Will the maximum temperature 
exceed 85°C? 


Using the FEHT model developed for part (a), 
determine the volumetric heating rate that yields a 
maximum temperature of 85°C. 


What effect would reducing the substrate thickness 
have on the maximum operating temperature? For a 
volumetric generation rate of g = 10’ W/m’, reduce 
the thickness of the substrate from 12 to 6 mm, keep- 
ing all other dimensions unchanged. What is the max- 
imum system temperature for these conditions? What 
fraction of the chip power generation is removed by 
convection directly from the chip surface? 
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AS.1 The Graphical Method 


The graphical method may be employed for two-dimensional problems involving adiabatic 
and isothermal boundaries. Although the approach has been superseded by computer solu- 
tions based on numerical procedures, it may be used to obtain a first estimate of the temper- 
ature distribution and to develop a physical appreciation for the nature of the temperature 
field and heat flow. 


48.1.1 Methodology of Constructing a Flux Plot 


The rationale for the graphical method comes from the fact that lines of constant tempera- 
ture must be perpendicular to lines that indicate the direction of heat flow (see Figure 4.1). The 
objective of the graphical method is to systematically construct such a network of isotherms 
and heat flow lines. This network, commonly termed a flux plot, is used to infer the temper- 
ature distribution and the rate of heat flow through the system. 

Consider a square, two-dimensional channel whose inner and outer surfaces are main- 
tained at 7, and T;, respectively. A cross section of the channel is shown in Figure 4S.1a. A 
procedure for constructing the flux plot, a portion of which is shown in Figure 48.1), is as 
follows. 


1. The first step is to identify all relevant lines of symmetry. Such lines are determined by 
thermal, as well as geometrical, conditions. For the square channel of Figure 4S.1a, 
such lines include the designated vertical, horizontal, and diagonal lines. For this sys- 
tem it is therefore possible to consider only one-eighth of the configuration, as shown 
in Figure 48.1. 


2. Lines of symmetry are adiabatic in the sense that there can be no heat transfer in a 
direction perpendicular to the lines. They are therefore heat flow lines and should be 
treated as such. Since there is no heat flow in a direction perpendicular to a heat flow 
line, it can be termed an adiabat. 


3. After all known lines of constant temperature are identified, an attempt should be made 
to sketch lines of constant temperature within the system. Note that isotherms should 
always be perpendicular to adiabats. 


4. Heat flow lines should then be drawn with an eye toward creating a network of curvi- 
linear squares. This is done by having the heat flow lines and isotherms intersect at 
right angles and by requiring that all sides of each square be of approximately the 
same length. It is often impossible to satisfy this second requirement exactly, and it is 
more realistic to strive for equivalence between the sums of the opposite sides of each 
square, as shown in Figure 4S.1c. Assigning the x-coordinate to the direction of heat 
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Symmetry 
lines 


(a) 


lsotherms 


Figure 48.1 Two-dimensional conduction in a square channel of length l. (a) Symmetry 
planes. (b) Flux plot. (c) Typical curvilinear square. 


flow and the y-coordinate to the direction normal to this flow, the requirement may be 
expressed as 


Aya BFE Aya CFM (48.1) 


It is difficult to create a satisfactory network of curvilinear squares in the first attempt, and sev- 
eral iterations must often be made. This trial-and-error process involves adjusting the 
isotherms and adiabats until satisfactory curvilinear squares are obtained for most of the 
network.' Once the flux plot has been obtained, it may be used to infer the temperature 
distribution in the medium. From a simple analysis, the heat transfer rate may then be obtained. 


48.1.2 Determination of the Heat Transfer Rate 


The rate at which energy is conducted through a lane, which is the region between 
adjoining adiabats, is designated as q;. If the flux plot is properly constructed, the value 
of g; will be approximately the same for all lanes and the total heat transfer rate may be 
expressed as 

M 


q~ DG = Mg; (48.2) 


where M is the number of lanes associated with the plot. From the curvilinear square of 
Figure 4S.1c and the application of Fourier’s law, g; may be expressed as 
T 


ot k(A = 4S.3 
qi~ rig ee (4S.3) 


‘In certain regions, such as corners, it may be impossible to approach the curvilinear square requirements. However, 
such difficulties generally have a small effect on the overall accuracy of the results obtained from the flux plot. 
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where AT; is the temperature difference between successive isotherms, A; is the conduc- 
tion heat transfer area for the lane, and / is the length of the channel normal to the page. 
However, since the temperature increment is approximately the same for all adjoining 
isotherms, the overall temperature difference between boundaries, AT,_,, may be 
expressed as 


N 
AT,» = )AT,~N AT, (48.4) 
j=l 


where N is the total number of temperature increments. Combining Equations 48.2 through 
4S.4 and recognizing that Ax ~ Ay for curvilinear squares, we obtain 


q= = EINES (48.5) 


The manner in which a flux plot may be used to obtain the heat transfer rate for a two- 
dimensional system is evident from Equation 48.5. The ratio of the number of heat flow 
lanes to the number of temperature increments (the value of M/N) may be obtained from 
the plot. Recall that specification of N is based on step 3 of the foregoing procedure, 
and the value, which is an integer, may be made large or small depending on the desired 
accuracy. The value of M is then a consequence of following step 4. Note that M is not nec- 
essarily an integer, since a fractional lane may be needed to arrive at a satisfactory network 
of curvilinear squares. For the network of Figure 48.1b, N = 6 and M = 5. Of course, as 
the network, or mesh, of curvilinear squares is made finer, N and M increase and the esti- 
mate of M/N becomes more accurate. 


48.1.3 The Conduction Shape Factor 


Equation 4S.5 may be used to define the shape factor, S, of a two-dimensional system. That 
is, the heat transfer rate may be expressed as 


q = SkAT,_, (48.6) 


where, for a flux plot, 
(4S.7) 


From Equation 48.6, it also follows that a two-dimensional conduction resistance may be 
expressed as 


1 
RycondQD) = Sk (4S.8) 


Shape factors have been obtained for numerous two-dimensional systems, and results 
are summarized in Table 4.1 for some common configurations. In cases | through 9 and 
case 11, conduction is presumed to occur between boundaries that are maintained at uniform 
temperatures, with AT,_, = T, — T>. In case 10 conduction is between an isothermal surface 
(T,) and a semi-infinite medium of uniform temperature (T,) at locations well removed from 
the surface. Shape factors may also be defined for one-dimensional geometries, and from the 
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results of Table 3.3, it follows that for plane, cylindrical, and spherical walls, respectively, 
the shape factors are A/L, 27L/In (r,/r,), and 47r,r,/(r, — r;). Results are available for many 
other configurations [1—4]. 


EXAMPLE 48.1 


A hole of diameter D = 0.25 m is drilled through the center of a solid block of square cross 
section with w = 1 m ona side. The hole is drilled along the length, / = 2 m, of the block, 
which has a thermal conductivity of k = 150 W/m:K. A warm fluid passing through the hole 
maintains an inner surface temperature of T; = 75°C, while the outer surface of the block is 
kept at T, = 25°C. 


1. Using the flux plot method, determine the shape factor for the system. 
2. What is the rate of heat transfer through the block? 


SOLUTION 


Known: Dimensions and thermal conductivity of a block with a circular hole drilled 
along its length. 


Find: 
1. Shape factor. 
2. Heat transfer rate for prescribed surface temperatures. 


Schematic: 
k = 150 Wim-kK— To = 25°C 
t T = 75°C 
w=lm D, = 0.25 m 
Symmetrical 
section 
<—w =1m—~ 
Assumptions: 


1. Steady-state conditions. 

2. Two-dimensional conduction. 
3. Constant properties. 

4. Ends of block are well insulated. 


Analysis: 

1. The flux plot may be simplified by identifying lines of symmetry and reducing the 
system to the one-eighth section shown in the schematic. Using a fairly coarse grid 
involving N = 6 temperature increments, the flux plot was generated. The resulting 
network of curvilinear squares is as follows. 
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Line of symmetry 


Tr and adiabat 
1 
Neal 2 3 4 5 6 
=e E 4 2 4 : 
M 


"te 
Line of symmetry 7, 
and adiabat \ 


With the number of heat flow lanes for the section corresponding to M = 3, it fol- 
lows from Equation 48.7 that the shape factor for the entire block is 


MI 3xX2m 
_ _ = <j 
S ar 8 6 8m 


where the factor of 8 results from the number of symmetrical sections. The accuracy of 
this result may be determined by referring to Table 4.1, where, for the prescribed sys- 
tem, case 6, it follows that 


es 27L _ 27 X 2m 2 saa 


In(1.08 w/D) In (1.08 < 1 m/0.25 m) 


Hence the result of the flux plot underpredicts the shape factor by approximately 7%. 
Note that, although the requirement / > w is not satisfied for this problem, the shape 
factor result from Table 4.1 remains valid if there is negligible axial conduction in the 
block. This condition is satisfied if the ends are insulated. 


2. Using S = 8.59 m with Equation 48.6, the heat rate is 


q = Sk(T; — Ty) 
q = 8.59 m X 150 Wim: K (75 — 25)°C = 64.4 kW <J 


Comments: The accuracy of the flux plot may be improved by using a finer grid (increas- 
ing the value of V). How would the symmetry and heat flow lines change if the vertical sides 
were insulated? If one vertical and one horizontal side were insulated? If both vertical and 
one horizontal side were insulated? 


AS.2 The Gauss-Seidel Method: Example of Usage 


The Gauss-Seidel method, described in Appendix D, is utilized in the following example. 
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EXAMPLE 48,2 


A large industrial furnace is supported on a long column of fireclay brick, which is 1m X 
1m on a side. During steady-state operation, installation is such that three surfaces of the 
column are maintained at 500 K while the remaining surface is exposed to an airstream for 
which T,, = 300 K and h = 10 W/m? K. Using a grid of Ax = Ay = 0.25 m, determine the 
two-dimensional temperature distribution in the column and the heat rate to the airstream 
per unit length of column. 


SOLUTION 


Known: Dimensions and surface conditions of a support column. 


Find: Temperature distribution and heat rate per unit length. 


Schematic: 
Ax= 
025m M dg- on 
Ay = 0.25 m 
1 2a il 
' e o ry 
1 —t Fireclay brick 
3 4 a 
@ & @ 
T, = 500 kK t- T, = 500 K 
— 5 6 5 
oe oe oe 
i 81 i 
~@ » —# 
—»> 7,=300K 
Air —» h=10Wm*k 
Assumptions: 


1. Steady-state conditions. 
2. Two-dimensional conduction. 
3. Constant properties. 


4. No internal heat generation. 
Properties: Table A.3, fireclay brick (T ~ 478 K): k = 1 W/m:K. 


Analysis: The prescribed grid consists of 12 nodal points at which the temperature is 
unknown. However, the number of unknowns is reduced to 8 through symmetry, in which 
case the temperature of nodal points to the left of the symmetry line must equal the tempera- 
ture of those to the right. 


48.2 um The Gauss-Seidel Method: Example of Usage W-7 


Nodes 1, 3, and 5 are interior points for which the finite-difference equations may be 
inferred from Equation 4.29. Hence 


Node 1: 7, +7; + 1000 — 47, =0 
Node 3: 7, +7, +7; +500 — 47, =0 
Node 5: 73+ 7, +7, + 500 — 47; = 0 


Equations for points 2, 4, and 6 may be obtained in a like manner or, since they lie on a 
symmetry adiabat, by using Equation 4.42 with h = 0. Hence 


Node 2: 27, + T, + 500 — 47, = 0 

Node 4: 7, + 27;,+ T, — 4T,=0 

Node 6: 7, +27; + T, — 4T; = 0 

From Equation 4.42 and the fact that  Ax/k = 2.5, it also follows that 
Node 7: 27; + Tz + 2000 — 9T, = 0 

Node 8: 27, + 2T, + 1500 — 97; =0 


Having the required finite-difference equations, the temperature distribution will be 
determined by using the Gauss-Seidel iteration method. Referring to the arrangement of 
finite-difference equations, it is evident that the order is already characterized by diagonal 
dominance. This behavior is typical of finite-difference solutions to conduction problems. 
We therefore begin with step 2 and express the equations in explicit form 


TP HS025TF ? 20257 y+ 250 

TY = 0.507 + 0.257"? + 125 

TY =0.2577 + 02577 ? + 0.25TS 2 + 125 
TY =0.25TY + 0.50TY + 0.25TE-” 
TY = 0.25T + 0.25TE-? + 0.25T$-? + 125 
TP = 0.25TP + 050TH + 0.2579? 

TYP = 0.2222TY + O.LLLITY"? + 222.22 

TY = 0.2222T® + 0.2222T + 166.67 


Having the finite-difference equations in the required form, the iteration procedure may be 
implemented by using a table that has one column for the iteration (step) number and a column 
for each of the nodes labeled as T;. The calculations proceed as follows: 


1. For each node, the initial temperature estimate is entered on the row for k = 0. Values 
are selected rationally to reduce the number of required iterations. 


2. Using the N finite-difference equations and values of 7; from the first and second rows, 
the new values of 7; are calculated for the first iteration (k = 1). These new values are 
entered on the second row. 


3. This procedure is repeated to calculate 7‘ from the previous values of T‘“~"’ and the 
current values of 7‘, until the temperature difference between iterations meets the pre- 
scribed criterion, ¢ <= 0.2 K, at every nodal point. 
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k ri ‘, Ts tT, T. r i T 

0 480 470 440 430 400 390 370 350 

1 477.5 471.3 451.9 441.3 428.0 411.8 356.2 337.3 
2 480.8 475.7 462.5 453.1 432.6 413.9 355.8 337.7 
3 484.6 480.6 467.6 457.4 434.3 415.9 356.2 338.3 
4 487.0 482.9 469.7 459.6 435.5 417.2 356.6 338.6 
5 488.1 484.0 470.8 460.7 436.1 417.9 356.7 338.8 
6 488.7 484.5 471.4 461.3 436.5 418.3 356.9 338.9 
7 489.0 484.8 ATL. 461.6 436.7 418.5 356.9 339.0 
8 489.1 485.0 471.9 461.8 436.8 418.6 356.9 339.0 


The results given in row 8 are in excellent agreement with those that would be obtained by an 
exact solution of the matrix equation, although better agreement could be obtained by reduc- 
ing the value of e. However, given the approximate nature of the finite-difference equations, 
the results still represent approximations to the actual temperatures. The accuracy of the 
approximation may be improved by using a finer grid (increasing the number of nodes). 

The heat rate from the column to the airstream may be computed from the expression 


q\_ Ax _ Ax = 
(2) 2h ( i Ja: T..) + Ax(T; ray +(4 a r.| 


where the factor of 2 outside the brackets originates from the symmetry condition. Hence 


(:) = 2 X 10 W/m? - K[0.125 m (200 K) 


+ 0.25 m (56.9 K) + 0.125 m (39.0 K)] = 882 W/m < 


Comments: 


1. To ensure that no errors have been made in formulating the finite-difference equations 
or in effecting their solution, a check should be made to verify that the results satisfy 
conservation of energy for the nodal network. For steady-state conditions, the require- 
ment dictates that the rate of energy inflow be balanced by the rate of outflow for a con- 
trol surface surrounding all nodal regions whose temperatures have been evaluated. 
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For the one-half symmetrical section shown schematically above, it follows that conduc- 
tion into the nodal regions must be balanced by convection from the regions. Hence 


Vtg t+atatast d=? + 4s 


The cumulative conduction rate is then 


cond (T, — T;) (T,—T\) | Ax, — Tr) 
— + J 
fa ES ig Oe. Te 2 Ay 


= T;) 
Ax 


i 7, I (T, = Ts) I Ay (T, = T;) 
ay Pay Ax 2 Ax | 
= 192.1 W/m 


and the convection rate is 


SECT, r.| = 191.0 Wim 


Aconv 
“i, =h jac T.») 


Agreement between the conduction and convection rates is excellent, confirming that 
mistakes have not been made in formulating and solving the finite-difference equations. 
Note that convection transfer from the entire bottom surface (882 W/m) is obtained by 
adding transfer from the edge node at 500 K (250 W/m) to that from the interior nodes 
(191.0 W/m) and multiplying by 2 from symmetry. 


2. Although the computed temperatures satisfy the finite-difference equations, they do 
not provide us with the exact temperature field. Remember that the equations are 
approximations whose accuracy may be improved by reducing the grid size (increas- 
ing the number of nodal points). 


3. See Example 4S.2 in the Advanced section of IHT. 


4. A second software package accompanying this text, Finite-Element Heat Transfer 
(FEHT), may also be used to solve one- and two-dimensional forms of the heat equa- 
tion. This example is provided as a solved model in FEHT and may be accessed through 
Examples on the Toolbar. 
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Problems 
Flux Plotting (b) Using the flux plot method, estimate the shape fac- 
tor and the heat transfer rate through the strut per 
4S.1 A long furnace, constructed from refractory brick with unit length. 
a thermal conductivity of 1.2 W/m - K, has the cross (c) Sketch the 25, 50, and 75°C isotherms. 


section shown with inner and outer surface tempera- 
tures of 600 and 60°C, respectively. Determine the 
shape factor and the heat transfer rate per unit length 
using the flux plot method. 


(d) Consider the same geometry, but now with the 
0.1-m-wide surfaces insulated, the 45° surface main- 
tained at T, = 100°C, and the 0.2-m-wide surfaces 
maintained at T, = 0°C. Using the flux plot method, 
estimate the corresponding shape factor and the 
heat rate per unit length. Sketch the 25, 50, and 
75°C isotherms. 


, er time 2 m 48.4 A hot liquid flows along a V-groove in a solid whose top 


| and side surfaces are well insulated and whose bottom 
surface is in contact with a coolant. 


+— 1.5 m—>| ne 
2.5 m ———» i ie he BESS se, 


48.2 A hot pipe is embedded eccentrically as shown in a WI2 


material of thermal conductivity 0.5 W/m: K. Using | i. 
the flux plot method, determine the shape factor and 
the heat transfer per unit length when the pipe i Ww >| 
and outer surface temperatures are 150 and 35°C, . . 
respectively. Accordingly, the V-groove surface is at a temperature 
T,, which exceeds that of the bottom surface, T,. Con- 
struct an appropriate flux plot and determine the shape 
factor of the system. 
20 he 48.5 A very long conduit of inner circular cross section and a 
thermal conductivity of 1 W/m-K passes a hot fluid, 
40 mm which maintains the inner surface at T, = 50°C. The 


outer surfaces of square cross section are insulated or 
maintained at a uniform temperature of T, = 20°C, 


depending on the application. Find the shape factor and 
4S.3 A supporting strut fabricated from a material with a the heat rate for each case. 


thermal conductivity of 75 W/m: K has the cross sec- 


tion shown. The end faces are at different tempera- ty 13 
tures T, = 100°C and T; = 0°C, while the remaining 
sides are insulated. T> —4 t—-T>44 
0.2 m—> 4 
ROTOR P RN 40 mm CG) Ty (+ T, 
iG ¥ 


48.6 A long support column of trapezoidal cross section is 
well insulated on its sides, and temperatures of 100 and 
O°C are maintained at its top and bottom surfaces, respec- 
(a) Estimate the temperature at the location P. tively. The column is fabricated from AISI 1010 steel, 


a Problems 


and its widths at the top and bottom surfaces are 0.3 and 
0 


“=. <= 


.6 m, respectively. 


«0.3 m>| + 0.3 m->| 


<— > —>| 


(a) Using the flux plot method, determine the heat 


transfer rate per unit length of the column. 


(b) If the trapezoidal column is replaced by a bar of 


rectangular cross section 0.3 m wide and the same 
material, what height H must the bar be to provide 
an equivalent thermal resistance? 


4S.7 Hollow prismatic bars fabricated from plain carbon 
steel are 1 m long with top and bottom surfaces, as well 
as both ends, well insulated. For each bar, find the 
shape factor and the heat rate per unit length of the bar 
when T, = 500 K and T, = 300 K. 


*—— 100 mm ——>| k-—— 100 mm ——> 
fe 22 a tT. | ico tT 
mm 
35 mm ait 
100 mm 100 mm 7, 
mm 
| 35 mm | 


W-11 


48.8 The two-dimensional, square shapes, 1 m to a side, are 
maintained at uniform temperatures, T; = 100°C and 
T, = 0°C, on portions of their boundaries and are well 
insulated elsewhere. 


T> 


(a) (b) 


Use the flux plot method to estimate the heat rate per 
unit length normal to the page if the thermal conductiv- 
ity is 50 W/m: K. 


‘Transient 
Conduction 
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tT n our treatment of conduction we have gradually considered more complicated condi- 
tions. We began with the simple case of one-dimensional, steady-state conduction with no 
internal generation, and we subsequently considered more realistic situations involving 
multidimensional and generation effects. However, we have not yet considered situations 
for which conditions change with time. 

We now recognize that many heat transfer problems are time dependent. Such unsteady, 
or transient, problems typically arise when the boundary conditions of a system are changed. 
For example, if the surface temperature of a system is altered, the temperature at each point 
in the system will also begin to change. The changes will continue to occur until a steady- 
state temperature distribution is reached. Consider a hot metal billet that is removed from a 
furnace and exposed to a cool airstream. Energy is transferred by convection and radiation 
from its surface to the surroundings. Energy transfer by conduction also occurs from the 
interior of the metal to the surface, and the temperature at each point in the billet decreases 
until a steady-state condition is reached. The final properties of the metal will depend signif- 
icantly on the time-temperature history that results from heat transfer. Controlling the heat 
transfer is one key to fabricating new materials with enhanced properties. 

Our objective in this chapter is to develop procedures for determining the time depen- 
dence of the temperature distribution within a solid during a transient process, as well as 
for determining heat transfer between the solid and its surroundings. The nature of the pro- 
cedure depends on assumptions that may be made for the process. If, for example, tempera- 
ture gradients within the solid may be neglected, a comparatively simple approach, termed 
the lumped capacitance method, may be used to determine the variation of temperature 
with time. The method is developed in Sections 5.1 through 5.3. 

Under conditions for which temperature gradients are not negligible, but heat transfer 
within the solid is one-dimensional, exact solutions to the heat equation may be used to 
compute the dependence of temperature on both location and time. Such solutions are con- 
sidered for finite solids (plane walls, long cylinders and spheres) in Sections 5.4 through 5.6 
and for semi-infinite solids in Section 5.7. Section 5.8 presents the transient thermal 
response of a variety of objects subject to a step change in either surface temperature or 
surface heat flux. In Section 5.9, the response of a semi-infinite solid to periodic heating 
conditions at its surface is explored. For more complex conditions, finite-difference or 
finite-element methods must be used to predict the time dependence of temperatures within 
the solid, as well as heat rates at its boundaries (Section 5.10). 


Del) The Lumped Capacitance Method 


A simple, yet common, transient conduction problem is one for which a solid experiences 
a sudden change in its thermal environment. Consider a hot metal forging that is initially at 
a uniform temperature 7; and is quenched by immersing it in a liquid of lower temperature 
T., < T; (Figure 5.1). If the quenching is said to begin at time t = 0, the temperature of the 
solid will decrease for time t > 0, until it eventually reaches T,,. This reduction is due to 
convection heat transfer at the solid—liquid interface. The essence of the lumped capaci- 
tance method is the assumption that the temperature of the solid is spatially uniform at any 
instant during the transient process. This assumption implies that temperature gradients 
within the solid are negligible. 
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ut = Iconv 


FicurE 5.1 Cooling of a hot metal 
forging. 


From Fourier’s law, heat conduction in the absence of a temperature gradient implies the 
existence of infinite thermal conductivity. Such a condition is clearly impossible. However, 
the condition is closely approximated if the resistance to conduction within the solid is 
small compared with the resistance to heat transfer between the solid and its surroundings. 
For now we assume that this is, in fact, the case. 

In neglecting temperature gradients within the solid, we can no longer consider the 
problem from within the framework of the heat equation, since the heat equation is a differ- 
ential equation governing the spatial temperature distribution within the solid. Instead, the 
transient temperature response is determined by formulating an overall energy balance on 
the entire solid. This balance must relate the rate of heat loss at the surface to the rate of 
change of the internal energy. Applying Equation 1.12c to the control volume of Figure 
5.1, this requirement takes the form 


—E oy = Ex (5.1) 
or 
—hA(T — T..) = pVe # (5.2) 
dt 
Introducing the temperature difference 
0=T—=T, (5.3) 


Separating variables and integrating from the initial condition, for which t= 0 and 


T(O) = T,, we then obtain 
6 t 
pve do = — | ae 
hA,J6, 0 0 


6,=T7,-T. (5.4) 


where 
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Evaluating the integrals, it follows that 


pvc. 0, 
|| —_— = . 
am a5 t (5.5) 
or 
0 = Us ilies = = hA, 
sen) 9 


Equation 5.5 may be used to determine the time required for the solid to reach some tem- 
perature 7, or, conversely, Equation 5.6 may be used to compute the temperature reached 
by the solid at some time t. 

The foregoing results indicate that the difference between the solid and fluid tempera- 
tures must decay exponentially to zero as ¢ approaches infinity. This behavior is shown in 
Figure 5.2. From Equation 5.6 it is also evident that the quantity (oVc/hA,) may be inter- 
preted as a thermal time constant expressed as 


T= (--)ove = RC, 6.7) 


where, from Equation 3.9, R, is the resistance to convection heat transfer and C, is the 
lumped thermal capacitance of the solid. Any increase in R, or C, will cause a solid to 
respond more slowly to changes in its thermal environment. This behavior is analogous 
to the voltage decay that occurs when a capacitor is discharged through a resistor in an 
electrical RC circuit. 

To determine the total energy transfer Q occurring up to some time f, we simply write 


t t 
= faa=na oa 
0 0 


FIGURE 5.2 Transient temperature 
response of lumped capacitance solids for 


t different thermal time constants T,. 
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Substituting for 6 from Equation 5.6 and integrating, we obtain 


Q= cover ~ cxp(- ‘)| (5.8a) 


The quantity Q is, of course, related to the change in the internal energy of the solid, and 
from Equation 1.12b 
—Q = AE, (5.8b) 


For quenching, Q is positive and the solid experiences a decrease in energy. Equations 5.5, 
5.6, and 5.8a also apply to situations where the solid is heated (@ < 0), in which case Q is 
negative and the internal energy of the solid increases. 


2-2 Validity of the Lumped Capacitance Method 


From the foregoing results it is easy to see why there is a strong preference for using the 
lumped capacitance method. It is certainly the simplest and most convenient method that 
can be used to solve transient heating and cooling problems. Hence it is important to deter- 
mine under what conditions it may be used with reasonable accuracy. 

To develop a suitable criterion consider steady-state conduction through the plane wall 
of area A (Figure 5.3). Although we are assuming steady-state conditions, the following cri- 
terion is readily extended to transient processes. One surface is maintained at a temperature 
T,, and the other surface is exposed to a fluid of temperature T., < T,,. The temperature of 
this surface will be some intermediate value T,,, for which T., < T,. < T,. Hence under 
steady-state conditions the surface energy balance, Equation 1.13, reduces to 


#4 Oy — Tap) = HAT — To) 


where k is the thermal conductivity of the solid. Rearranging, we then obtain 


Mei Sad T,> = (L/KA) = Teena = AL a 


Bi 5.9 
fot (NE) Re Fo eo 


FicurE 5.3 Effect of Biot number on steady-state temperature 
distribution in a plane wall with surface convection. 
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The quantity (hL/k) appearing in Equation 5.9 is a dimensionless parameter. It is 
termed the Biot number, and it plays a fundamental role in conduction problems that 
involve surface convection effects. According to Equation 5.9 and as illustrated in Figure 
5.3, the Biot number provides a measure of the temperature drop in the solid relative to the 
temperature difference between the solid’s surface and the fluid. From Equation 5.9, it is 
also evident that the Biot number may be interpreted as a ratio of thermal resistances. In 
particular, if Bi <1, the resistance to conduction within the solid is much less than the 
resistance to convection across the fluid boundary layer. Hence, the assumption of a uni- 
form temperature distribution within the solid is reasonable if the Biot number is small. 

Although we have discussed the Biot number in the context of steady-state conditions, 
we are reconsidering this parameter because of its significance to transient conduction 
problems. Consider the plane wall of Figure 5.4, which is initially at a uniform temperature 
T, and experiences convection cooling when it is immersed in a fluid of T,, < 7;. The prob- 
lem may be treated as one-dimensional in x, and we are interested in the temperature varia- 
tion with position and time, 7(x, #). This variation is a strong function of the Biot number, 
and three conditions are shown in Figure 5.4. Again, for Bi < 1 the temperature gradients 
in the solid are small and the assumption of a uniform temperature distribution, T(x, 1) ~ 
T(t) is reasonable. Virtually all the temperature difference is between the solid and the 
fluid, and the solid temperature remains nearly uniform as it decreases to T,,. For moderate 
to large values of the Biot number, however, the temperature gradients within the solid 
are significant. Hence T = T(x, ft). Note that for Bi > 1, the temperature difference across 
the solid is much larger than that between the surface and the fluid. 

We conclude this section by emphasizing the importance of the lumped capacitance 
method. Its inherent simplicity renders it the preferred method for solving transient heating 
and cooling problems. Hence, when confronted with such a problem, the very first thing 
that one should do is calculate the Biot number. If the following condition is satisfied 


AL 
no 


05 (5.10) 


the error associated with using the lumped capacitance method is small. For convenience, it 
is customary to define the characteristic length of Equation 5.10 as the ratio of the solid’s 


ae 
1 i 
ia L L -L L i L 
ee 7 Bix! Bix Bi>> 1 
rar es T = T(t) T = T(x, 0) T = T(x, 2) 


FicurE 5.4 Transient temperature distributions for different Biot numbers in a plane wall 
symmetrically cooled by convection. 
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volume to surface area L, = V/A,. Such a definition facilitates calculation of L, for solids of 
complicated shape and reduces to the half-thickness L for a plane wall of thickness 2L 
(Figure 5.4), to 7,/2 for a long cylinder, and to r,/3 for a sphere. However, if one wishes to 
implement the criterion in a conservative fashion, L, should be associated with the length 
scale corresponding to the maximum spatial temperature difference. Accordingly, for a 
symmetrically heated (or cooled) plane wall of thickness 2L, L. would remain equal to the 
half-thickness L. However, for a long cylinder or sphere, L, would equal the actual radius 
r,, rather than r,/2 or r,/3. 

Finally, we note that, with L. = V/A,, the exponent of Equation 5.6 may be expressed as 


hA,t _ ht _ AL, k t _ AL, at 
pve pel, k-PoR kk 


or 
hA,t ; 
—— = Bi- Fo (5.11) 
pVc 
where 
Fo= 2 (5.12) 


is termed the Fourier number. It is a dimensionless time, which, with the Biot number, char- 
acterizes transient conduction problems. Substituting Equation 5.11 into 5.6, we obtain 


0 
6. 


T 


2 = eq IIe) (5.13) 


co 


ale 
T; 


EXAMPLE 5.1 


A thermocouple junction, which may be approximated as a sphere, is to be used for tempera- 
ture measurement in a gas stream. The convection coefficient between the junction surface 
and the gas is h = 400 W/m’:K, and the junction thermophysical properties are k = 20 
W/m:K, c = 400 J/kg:K, and p = 8500 kg/m’. Determine the junction diameter needed for 
the thermocouple to have a time constant of 1 s. If the junction is at 25°C and is placed in a 
gas stream that is at 200°C, how long will it take for the junction to reach 199°C? 


SOLUTION 


Known: Thermophysical properties of thermocouple junction used to measure tempera- 
ture of a gas stream. 


Find: 


1. Junction diameter needed for a time constant of 1 s. 


2. Time required to reach 199°C in gas stream at 200°C. 
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Schematic: 
T,, = 200°C 
h = 400 W/mK k = 20 Wim-K 
y c = 400 J/kg-K 
—_ ( p = 8500 kg/m? 
—> \ 
ba 
Assumptions: 


1. Temperature of junction is uniform at any instant. 

2. Radiation exchange with the surroundings is negligible. 
3. Losses by conduction through the leads are negligible. 
4. Constant properties. 


Analysis: 

1. Because the junction diameter is unknown, it is not possible to begin the solution by 
determining whether the criterion for using the lumped capacitance method, Equation 
5.10, is satisfied. However, a reasonable approach is to use the method to find the 
diameter and to then determine whether the criterion is satisfied. From Equation 5.7 
and the fact that A, = 7D° and V = 7D*/6 for a sphere, it follows that 

3 
1 puD 
c 


= x 
haD? 6 


Ty 
Rearranging and substituting numerical values, 


_ 6ht, 6 X 400 W/m? K X 1s 


= 7.06 X 10°*m <q 
PE 8500 kg/m? X 400 J/kg: K 


D 


With L, = r,/3 it then follows from Equation 5.10 that 


_ A(r,/3) _ 400 W/m?: K X 3.53 X 10°4m 


= 955 47 10% 
k 3 X 20 W/m: K ced 


Bi 


Accordingly, Equation 5.10 is satisfied (for L, = r,, as well as for L, = r,/3) and the 
lumped capacitance method may be used to an excellent approximation. 


2. From Equation 5.5 the time required for the junction to reach T = 199°C is 
p(wD*/6)c, T;—To pDce, T;— Tx 
t= In = In 
h(aD”) LoTs. 6h FT 
= 8500 kg/m? X 7.06 X 104m X 400 J/kg: Ki. 25 — 200 


6 X 400 W/m? K 199 — 200 
t=5.2s~5r, <J 


Comments: Heat transfer due to radiation exchange between the junction and the sur- 
roundings and conduction through the leads would affect the time response of the junction 
and would, in fact, yield an equilibrium temperature that differs from T,,. 
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Ded General Lumped Capacitance Analysis 


Although transient conduction in a solid is commonly initiated by convection heat transfer to 
or from an adjoining fluid, other processes may induce transient thermal conditions within the 
solid. For example, a solid may be separated from large surroundings by a gas or vacuum. If 
the temperatures of the solid and surroundings differ, radiation exchange could cause the 
internal thermal energy, and hence the temperature, of the solid to change. Temperature 
changes could also be induced by applying a heat flux at a portion, or all, of the surface or by 
initiating thermal energy generation within the solid. Surface heating could, for example, be 
applied by attaching a film or sheet electrical heater to the surface, while thermal energy 
could be generated by passing an electrical current through the solid. 

Figure 5.5 depicts the general situation for which thermal conditions within a solid may 
be influenced simultaneously by convection, radiation, an applied surface heat flux, and 
internal energy generation. It is presumed that, initially (¢ = 0), the temperature of the solid 
T, differs from that of the fluid 7,,, and the surroundings T,,, and that both surface and volu- 
metric heating (q and q) are initiated. The imposed heat flux g’ and the convection—radiation 
heat transfer occur at mutually exclusive portions of the surface, A,,,, and A,...,,, respectively, 
and convection-radiation transfer is presumed to be from the surface. Moreover, although 
convection and radiation have been prescribed for the same surface, the surfaces may, in 
fact, differ (A,. # A,,). Applying conservation of energy at any instant 7, it follows from 
Equation 1.12c that 


QWAsh + E, ~ (Qeonv + DradA s(c,r) = pVc a (5.14) 
or, from Equations 1.3a and 1.7, 
” I ‘4 4 — dT 
GAsn AP E, -_ [A(T — Is) a eo(T a Tolan a pVc vy (ey) 


Equation 5.15 is a nonlinear, first-order, nonhomogeneous, ordinary differential equa- 
tion that cannot be integrated to obtain an exact solution.' However, exact solutions may be 
obtained for simplified versions of the equation. 
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FIGURE 5.5 Control surface for general lumped 
ste, 7) capacitance analysis. 
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‘An approximate, finite-difference solution may be obtained by discretizing the time derivative (Section 5.10) 
and marching the solution out in time. 
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33-1 Radiation Only 


If there is no imposed heat flux or generation and convection is either nonexistent (a vacuum) 
or negligible relative to radiation, Equation 5.15 reduces to 


Ve # = — 6A. o(T*— TS 


di sur) (5.16) 


Separating variables and integrating from the initial condition to any time ¢, it follows that 
eat _ [- 
pVc Jo TL 


Evaluating both integrals and rearranging, the time required to reach the temperature 
T becomes 


aT 
4 Y fs 


sur 


(5.17) 


pVc fee +T Tur ay T; 
t= In In 
4eA, oT, T sae ae & Jing = T; 


+2 an (7) tan”! (7.)}} (5.18) 


This expression cannot be used to evaluate T explicitly in terms of ft, T,, and T,,,, nor does it 
readily reduce to the limiting result for T,,,, = 0 (radiation to deep space). However, return- 
ing to Equation 5.17, its solution for T,,, = 0 yields 


—_ p¥e fl 1 
t pal = 1) (5.19) 


3.32 Negligible Radiation 


An exact solution to Equation 5.15 may also be obtained if radiation may be neglected and 
all quantities (other than T, of course) are independent of time. Introducing a temperature 
difference 0 = T — T,,, where d6/dt = dT/dt, Equation 5.15 reduces to a linear, first-order, 
nonhomogeneous differential equation of the form 


dé 
—+a0-—b= 2 
Ht ad—b=0 (5.20) 


where a = (hA, ./pVc) and b= [(q{A,, + E,\ipVcl. Although Equation 5.20 may be solved 
by summing its homogeneous and particular solutions, an alternative approach is to elimi- 
nate the nonhomogeneity by introducing the transformation 


rap_b 
g'=0-2 (5.21) 
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Recognizing that d6'/dt = d6/dt, Equation 5.21 may be substituted into (5.20) to yield 


do’ 
dt 


+ao' =0 (5.22) 


Separating variables and integrating from 0 to ¢ (6; to 6’), it follows that 


A = exp(—at) (5.23) 
or substituting for 6’ and 0, 
T — T,,. — (bla) 
- 7 .24 
7 -T.-@a (5.24) 
Hence 
Po To _ bla 
Tuo, 7 PCa) + pp Ul — expat] (5.25) 


As it must, Equation 5.25 reduces to Equation 5.6 when b = 0 and yields T = T; at t = 0. As 
t — ©, Equation 5.25 reduces to (T — T.,) = (b/a), which could also be obtained by perform- 
ing an energy balance on the control surface of Figure 5.5 for steady-state conditions. 


Sede Convection Only with Variable Convection Coefficient 


In some cases, such as those involving free convection or boiling, the convection coefficient 
h varies with the temperature difference between the object and the fluid. In these situations, 
the convection coefficient can often be approximated with an expression of the form 


h=C(T- T,,)" (5.26) 


where n is a constant and the parameter C has units of W/m?-K“*”. If radiation, surface 
heating, and volumetric generation are negligible, Equation 5.15 may be written as 


—C(T —T.,)"A, (T — T.) = —CA,(T — T.,)!"" = pVc (5.27) 


Substituting @ and d6/dt = dT/dt into the preceding expression, separating variables and 
integrating yields 


rs) nCA, 0; Mia 
0, = ae gar il (5.28) 


It can be shown that Equation 5.28 reduces to Equation 5.6 if the heat transfer coefficient is 
independent of temperature, n = 0. 


5.34 Additional Considerations 


In some cases the ambient or surroundings temperature may vary with time. For example, 
if the container of Figure 5.1 is insulated and of finite volume, the liquid temperature will 
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increase as the metal forging is cooled. An analytical solution for the time-varying solid 
(and liquid) temperature is presented in Example 11.8. As evident in Examples 5.2 through 
5.4, the heat equation can be solved numerically for a wide variety of situations involving 
variable properties or time-varying boundary conditions, internal energy generation rates, 
or surface heating or cooling. 


EXAMPLE 5.2 


Consider the thermocouple and convection conditions of Example 5.1, but now allow for 
radiation exchange with the walls of a duct that encloses the gas stream. If the duct walls are 
at 400°C and the emissivity of the thermocouple bead is 0.9, calculate the steady-state tem- 
perature of the junction. Also, determine the time for the junction temperature to increase 
from an initial condition of 25°C to a temperature that is within 1°C of its steady-state value. 


SOLUTION 


Known: Thermophysical properties and diameter of the thermocouple junction used to 
measure temperature of a gas stream passing through a duct with hot walls. 


Find: 
1. Steady-state temperature of the junction. 


2. Time required for the thermocouple to reach a temperature that is within 1°C of its 
steady-state value. 


Schematic: 


aa duct wall, 


Ty, = 400°C 


sur 
Junction, T(2) 


T,, = 200°C , T;= 25°C, D=0.7 mm 


= 3 
h = 400 W/im*K p = 8500 ke/m 
c = 400 J/kg*K 
€ =0.9 


Assumptions: Same as Example 5.1, but radiation transfer is no longer treated as negli- 
gible and is approximated as exchange between a small surface and large surroundings. 


Analysis: 


1. For steady-state conditions, the energy balance on the thermocouple junction has the 


form 
E, _ Ei aa 0 


Recognizing that net radiation to the junction must be balanced by convection from the 
junction to the gas, the energy balance may be expressed as 


[eo(Tr — T*) — AT — TIA, = 0 
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2. 


Substituting numerical values, we obtain 


T = 218.7°C < 


The temperature-time history, 7(t), for the junction, initially at T(0) = T; = 25°C, fol- 
lows from the energy balance for transient conditions, 
E; > je a oe 


in 


From Equation 5.15, the energy balance may be expressed as 


[MT — T..) + eo(T* ~ Ta 1A, = pVe 


The solution to this first-order differential equation can be obtained by numerical inte- 
gration, giving the result, 7(4.9 s) = 217.7°C. Hence, the time required to reach a tem- 
perature that is within 1°C of the steady-state value is 


t=4.9s. J 


Comments: 


1. 


The effect of radiation exchange with the hot duct walls is to increase the junction tem- 
perature, such that the thermocouple indicates an erroneous gas stream temperature that 
exceeds the actual temperature by 18.7°C. The time required to reach a temperature 
that is within 1°C of the steady-state value is slightly less than the result of Example 5.1, 
which only considers convection heat transfer. Why is this so? 


The response of the thermocouple and the indicated gas stream temperature depend on the 
velocity of the gas stream, which in turn affects the magnitude of the convection coef- 
ficient. Temperature-time histories for the thermocouple junction are shown in the 
following graph for values of h = 200, 400, and 800 W/m?:K. 


260 
220 
180 
140 


100 


Junction temperature, T (°C) 


60 


20 


Elapsed time, ¢ (s) 


The effect of increasing the convection coefficient is to cause the junction to indicate a 
temperature closer to that of the gas stream. Further, the effect is to reduce the time 
required for the junction to reach the near-steady-state condition. What physical expla- 
nation can you give for these results? 


The JHT software includes an integral function, Der(7, 7), that can be used to represent the 
temperature-time derivative and to integrate first-order differential equations. 
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EXAMPLE 5.3 


A 3-mm-thick panel of aluminum alloy (k= 177W/m:K, c = 875 J/kg-K, and 
p = 2770 kg/m") is finished on both sides with an epoxy coating that must be cured at or 
above T, = 150°C for at least 5 min. The production line for the curing operation involves 
two steps: (1) heating in a large oven with air at T,,,, = 175°C and a convection coefficient 
of h, = 40 W/m?:K, and (2) cooling in a large chamber with air at T,,. = 25°C and a con- 
vection coefficient of h, = 10 W/m*:K. The heating portion of the process is conducted 
over a time interval t,, which exceeds the time ft, required to reach 150°C by 5 min 
(t, = t, + 300s). The coating has an emissivity of ¢ = 0.8, and the temperatures of the 
oven and chamber walls are 175 and 25°C, respectively. If the panel is placed in the oven at 
an initial temperature of 25°C and removed from the chamber at a safe-to-touch tempera- 
ture of 37°C, what is the total elapsed time for the two-step curing operation? 


SOLUTION 


Known: Operating conditions for a two-step heating/cooling process in which a coated 
aluminum panel is maintained at or above a temperature of 150°C for at least 5 min. 


Find: Total time t, required for the two-step process. 
Schematic: 


Touro = 175°C Tou = 20°C 


suro SUI,C 


yy Tt ity 
+-Epoyy, Ney Toe = 25°C 


€=0.8 = 
Aluminum, T(0) = T;, = 25°C T(t) = 37 
Step 1: Heating (0 <t<t,) Step 2: Cooling (t.< t < t,) 


Assumptions: 
1. Panel temperature is uniform at any instant. 
2. Thermal resistance of epoxy is negligible. 
3. Constant properties. 


Analysis: To assess the validity of the lumped capacitance approximation, we begin by 

calculating Biot numbers for the heating and cooling processes. 

_h,L _ (40 Wim? + K)(0.0015 m) 
k 177 W/m: K 

_h.L _ (10 W/m? + K)(0.0015 m) 

“ok 177 W/m: K 


=3.4x 104 


Bi, 


Bi =85x10> 
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Hence the lumped capacitance approximation is excellent. 

To determine whether radiation exchange between the panel and its surroundings 
should be considered, the radiation heat transfer coefficient is determined from Equation 
1.9. A representative value of h, for the heating process is associated with the cure condi- 
tion, in which case 

hyo = eo(T, + / Os + T? ) 


sur,o 


= 0.8 X 5.67 X 10-8 W/m?- K4(423 + 448)K(4237 + 4487)K? 
= 15 W/m?-K 


Using T, = 150°C with T,,,..= 25°C for the cooling process, we also obtain h,.. = 
8.8 W/m?:K. Since the values of h,,, and h,.. are comparable to those of h, and h,, respec- 
tively, radiation effects must be considered. 
With V = 2LA, and A, .. = A, = 2A,, Equation 5.15 may be expressed as 
IMT ~ 1.) + e0(1* ~ Tip] = pel. F 

Selecting a suitable time increment, At, the equation may be integrated numerically to 
obtain the panel temperature at t = Ar, 2Ar, 3At, and so on. Selecting At = 10s, calcula- 
tions for the heating process are extended to f, = t, + 300s, which is 5 min beyond the 
time required for the panel to reach T, = 150°C. At ft, the cooling process is initiated and 
continued until the panel temperature reaches 37°C at t = t,. The integration was performed 
using /HT, and results of the calculations are plotted as follows: 


200 
175 


150 


6) t, 300 t¢, 600 900 t, 1200 


The total time for the two-step process is 
t, = 989 s <J 
with intermediate times of t, = 124s and t, = 424s. 


Comments: 


1. The duration of the two-step process may be reduced by increasing the convection 
coefficients and/or by reducing the period of extended heating. The second option is 
made possible by the fact that, during a portion of the cooling period, the panel 
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temperature remains above 150°C. Hence, to satisfy the cure requirement, it is not 
necessary to extend heating for as much as 5min from t= t,. If the convection 
coefficients are increased to h, = h, = 100 W/m?-K and an extended heating period 
of 300s is maintained, the numerical integration yields t, = 58s and t, = 445s. The 
corresponding time interval over which the panel temperature exceeds 150°C 
is Atirsjsoc) = 306s (58s = t = 364s). If the extended heating period is reduced to 
294s, the numerical integration yields t, = 58s, t, = 439s, and Atpsjsoxc) = 300s. 
Hence the total process time is reduced, while the curing requirement is still satisfied. 


2. Generally, the accuracy of a numerical integration improves with decreasing Ar, but at 
the expense of increased computation time. In this case, however, results obtained for 
At = |s are virtually identical to those obtained for At = 10s, indicating that the 
larger time interval is sufficient to accurately depict the temperature history. 


3. The complete solution for this example is provided as a ready-to-solve model in the 
Advanced section of IHT, using Models, Lumped Capacitance. The model can be used 
to check the results of Comment 1 or to independently explore modifications of the 
cure process. 


4. If the Biot numbers were not small, it would be inappropriate to apply the lumped capac- 
itance method. For moderate or large Biot numbers, temperatures near the solid’s center- 
line would continue to increase for some time after the conclusion of heating, as thermal 
energy near the solid’s surface propagates inward. The temperatures near the centerline 
would subsequently reach a maximum and would then decrease to the steady-state value. 
Correlations for the maximum temperature experienced at the panel’s centerline, along 
with the time at which these maximum temperatures are reached, have been correlated 
for a broad range of Bi, and Bi. values [1]. 


EXAMPLE 5.4: 


Air to be supplied to a hospital operating room is first purified by forcing it through a single- 
stage compressor. As it travels through the compressor, the air temperature initially increases 
due to compression, then decreases as it is returned to atmospheric pressure. Harmful 
pathogen particles in the air will also be heated and subsequently cooled, and they will be 
destroyed if their maximum temperature exceeds a /ethal temperature T,. Consider spherical 
pathogen particles (D = 10 um, p = 900 kg/m’, c = 1100 J/kgK, and k = 0.2 W/m:K) that 
are dispersed in unpurified air. During the process, the air temperature may be described by 
an expression of the form T,,(f) = 125°C — 100°C: cos(27r/t,), where t, is the process time 
associated with flow through the compressor. If 4, = 0.0048, and the initial and lethal 
pathogen temperatures are T; = 25°C and T, = 220°C, respectively, will the pathogens be 
destroyed? The value of the convection heat transfer coefficient associated with the pathogen 
particles is h = 4600 W/m? K. 


SOLUTION 


Known: Air temperature versus time, convection heat transfer coefficient, pathogen 
geometry, size, and properties. 
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Find: Whether the pathogens are destroyed for 4, = 0.004 s. 


Schematic: 
T(t) = 125°C — 100°C-cos(2z/t,) 
‘irsteam h = 4600 W/m2+K 
; Pathogen 
————- 
k = 0.2 WimsK 
——s- 
c = 1100 J/kg-K 
p = 900 kg/m3 
- D=10 pum - T, = 220°C 
Assumptions: 


1. Constant properties. 
2. Negligible radiation. 


Analysis: The Biot number associated with a spherical pathogen particle is 


ph h(D/6) _ 4600 W/m? K X (10 X 10°* m/6) 
a: 0.2 Wim-K 


= 0.038 


Hence, the lumped capacitance approximation is valid and we may apply Equation 5.2. 


dT hA, 6h ° ° 
=— T — T,,(t)] = — —[T-— 12 + 1 . 2at/t 1 
a ave (t)] ac | 5°C + 100°C - cos(27r#/t,)] (1) 


The solution to this first-order differential equation may be obtained analytically, or by 
numerical integration. 


Numerical Integration A numerical solution of Equation | may be obtained by speci- 
fying the initial particle temperature, 7;, and using [HT or an equivalent numerical solver to 
integrate the equation. The plot of the numerical solution follows. 


_ 250 
c 
= 
s 200 Y 
>} 
s 
2 150 
5 
- Pathogen 
‘® 100 
aj 
& F 
c Air 
2 50 
[=] 
= 
S 
46 
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Elapsed time, t (s) 
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Inspection of the predicted pathogen temperatures yields 
Tmax = 212°C < 220°C 
Hence, the pathogen is not destroyed. < 


Analytical Solution Equation 1 is a linear nonhomogeneous differential equation, 
therefore the solution can be found as the sum of a homogeneous and a particular solution, 
T=T, + T,. The homogeneous part, 7,, corresponds to the homogeneous differential 
equation, dT;,/dt = —(6h/pcD)T,, which has the familiar solution, T;, = co exp(—6ht/pcD). 
The particular solution, T,, can then be found using the method of undetermined coeffi- 
cients; for a nonhomogeneous term that includes a cosine function and a constant term, the 
particular solution is assumed to be of the form 7, = c, cos(27#/t,) + c sin(27t/t,) + c3. 
Substituting this expression into Equation | yields values for the coefficients, resulting in 


— ° Qat\ , 2mpcD . [2at 
7, = 125°C — 100°C xl cos 6h, si ) (2) 


P P 


where 


(6h/pcDY 
(6hipcDy + (27/t,)? 


The initial condition, T(0) = T;, is then applied to the complete solution, T = T), + T,,, to 
yield cy = 100°C(A — 1). Thus, the particle temperature is 


° ° 6ht 27 2mpcD . ( 2at 
— fa Stale, — t 
T(t) = 125°C + 100°C {« 1) exo re 4) co i, Ghe sl i, )II (3) 


Dp 


To find the maximum pathogen temperature, we could differentiate Equation 3 and set the 
result equal to zero. This yields a lengthy, implicit equation for the critical time ¢,,;, at 
which the maximum temperature is reached. The maximum temperature may then be found 
by substituting ¢ = £,,, into Equation 3. Alternatively, Equation 3 can be plotted or 7(t) may 
be tabulated to find 


Tmax = 212°C < 220°C 


Hence, the pathogen is not destroyed. < 


Comments: 
1. The analytical and numerical solutions agree, as they must. 


2. As evident in the previous plot, the air and pathogen particles initially have the same 
temperature, T; = 25°C. The pathogen thermal response lags that of the air since a tem- 
perature difference must exist between the air and the particle in order for the pathogen 
to be heated or cooled. As required by Equation 1 and as evident in the plot, the maxi- 
mum particle temperature is reached when there is no temperature difference between 
the air and the pathogen. 
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3. 


The maximum pathogen temperature may be increased by extending the duration of the 
process. For a process time of t, = 0.008 s, the air and pathogen particle temperatures 
are as follows. 
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2 

a 

wo 200 
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a 150 
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Elapsed time, ¢(s) 


The maximum particle temperature is now Tyax = 221°C > T, = 220°C, and the 
pathogen would be killed. However, because the duration of the cycle is twice as long 
as originally specified, approximately half of the air could be supplied to the operating 
room compared to the 4, = 0.004 s case. A trade-off exists between the amount of air 
that can be delivered to the operating room and its purity. 


The maximum possible radiation heat transfer coefficient may be calculated based 
on the extreme temperatures of the problem and by assuming a particle emissivity of 
unity. Hence, 


Ae inax = O(Tinax + / Hee eae ot Te) 
= 5.67 X 10°-* W/m? : K* X (498 + 298)K X (498? + 2987)K? = 15.2 W/m?-K 


Since /y.max < h, radiation heat transfer is negligible. 


The Der(T, #) function of the JHT software was used to generate the numerical solution 
for this problem. See Comment 3 of Example 5.2. If one is familiar with a numerical 
solver such as JHT, it is often much faster to obtain a numerical solution than an analyti- 
cal solution, as is the case in this example. Moreover, if one seeks maximum or mini- 
mum values of the dependent variable or variables, such as the pathogen temperature in 
this example, it is often faster to determine the maxima or minima by inspection, rather 
than with an analytical solution. However, analytical solutions often explicitly show 
parameter dependencies and can provide insights that numerical solutions might obscure. 


A time increment of At = 0.00001 s was used to generate the numerical solutions. 
Generally, the accuracy of a numerical integration improves with decreasing Af, 
but at the expense of increased computation time. For this example, results for 
At = 0.000005 s are virtually identical to those obtained for the larger time increment, 
indicating that either increment is sufficient to accurately depict the temperature his- 
tory and to determine the maximum particle temperature. 


Assumption of instantaneous pathogen death at the lethal temperature is an approximation. 
Pathogen destruction also depends on the duration of exposure to the high temperatures [2]. 
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a4 Spatial Effects 


Situations frequently arise for which the Biot number is not small, and we must cope with 
the fact that temperature gradients within the medium are no longer negligible. Use of the 
lumped capacitance method would yield incorrect results, so alternative approaches, pre- 
sented in the remainder of this chapter, must be utilized. 

In their most general form, transient conduction problems are described by the heat 
equation, Equation 2.19, for rectangular coordinates or Equations 2.26 and 2.29, respec- 
tively, for cylindrical and spherical coordinates. The solutions to these partial differential 
equations provide the variation of temperature with both time and the spatial coordinates. 
However, in many problems, such as the plane wall of Figure 5.4, only one spatial coordi- 
nate is needed to describe the internal temperature distribution. With no internal generation 
and the assumption of constant thermal conductivity, Equation 2.19 then reduces to 

OT _10T 

To solve Equation 5.29 for the temperature distribution T(x, £), it is necessary to specify 
an initial condition and two boundary conditions. For the typical transient conduction prob- 
lem of Figure 5.4, the initial condition is 


T(x, 0) = T; (5.30) 
and the boundary conditions are 
oT _ 
Saline 0 (5.31) 
and 
OT _ _ 
k~. La ALT(L, t) — T..] (5.32) 


Equation 5.30 presumes a uniform temperature distribution at time tf = 0; Equation 5.31 
reflects the symmetry requirement for the midplane of the wall; and Equation 5.32 
describes the surface condition experienced for time t > 0. From Equations 5.29 through 
5.32, it is evident that, in addition to depending on x and ¢, temperatures in the wall also 
depend on a number of physical parameters. In particular 


T = Ta, t, T,, T.., L, k, a, h) (5.33) 


The foregoing problem may be solved analytically or numerically. These methods 
will be considered in subsequent sections, but first it is important to note the advantages 
that may be obtained by nondimensionalizing the governing equations. This may be done 
by arranging the relevant variables into suitable groups. Consider the dependent variable 
T. If the temperature difference 0 = T — T,, is divided by the maximum possible temper- 
ature difference 0; = T, — T.,, a dimensionless form of the dependent variable may be 
defined as 


= = (5.34) 
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Accordingly, 6* must lie in the range 0 = 6* = 1. A dimensionless spatial coordinate may 
be defined as 


=e (5.35) 
where L is the half-thickness of the plane wall, and a dimensionless time may be defined as 
f= Fo (5.36) 


where ¢* is equivalent to the dimensionless Fourier number, Equation 5.12. 
Substituting the definitions of Equations 5.34 through 5.36 into Equations 5.29 through 
5.32, the heat equation becomes 


co _ 30% 
=. 37 
ox®2 OFo » ) 
and the initial and boundary conditions become 
6*(x*,0) = 1 (5.38) 
J9* 
—, =0 5.39 
Ox™ |xx=0 men 
and 
00" , 
— = —Bioe*(1, &* 5.40 
ax* lene (1, #*) (5.40) 


where the Biot number is Bi = hL/k. In dimensionless form the functional dependence may 
now be expressed as 


6* = f(x*, Fo, Bi) (5.41) 


Recall that a similar functional dependence, without the x* variation, was obtained for the 
lumped capacitance method, as shown in Equation 5.13. 

Comparing Equations 5.33 and 5.41, the considerable advantage associated with cast- 
ing the problem in dimensionless form becomes apparent. Equation 5.41 implies that for a 
prescribed geometry, the transient temperature distribution is a universal function of x*, 
Fo, and Bi. That is, the dimensionless solution has a prescribed form that does not depend 
on the particular value of T;, T,., L, k, a, or h. Since this generalization greatly simplifies the 
presentation and utilization of transient solutions, the dimensionless variables are used 
extensively in subsequent sections. 
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Exact, analytical solutions to transient conduction problems have been obtained for many 
simplified geometries and boundary conditions and are well documented [3-6]. Several 
mathematical techniques, including the method of separation of variables (Section 4.2), 
may be used for this purpose, and typically the solution for the dimensionless temperature 
distribution, Equation 5.41, is in the form of an infinite series. However, except for very 
small values of the Fourier number, this series may be approximated by a single term, con- 
siderably simplifying its evaluation. 
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5.3-1 Exact Solution 


Consider the plane wall of thickness 2L (Figure 5.6a). If the thickness is small relative to the 
width and height of the wall, it is reasonable to assume that conduction occurs exclusively in 
the x-direction. If the wall is initially at a uniform temperature, T(x, 0) = T;, and is suddenly 
immersed in a fluid of T,, # T;, the resulting temperatures may be obtained by solving Equation 
5.37 subject to the conditions of Equations 5.38 through 5.40. Since the convection conditions 
for the surfaces at x* = +1 are the same, the temperature distribution at any instant must be 
symmetrical about the midplane (x* = 0). An exact solution to this problem is of the form [4] 


o* = y C,, exp (—; Fo) cos (f,x*) (5.42a) 


n=1 


where Fo = at/L”, the coefficient C,, is 


"OF + sin (2Z,) (9.42) 


and the discrete values of ¢, (eigenvalues) are positive roots of the transcendental equation 
¢,tan ¢, = Bi (5.42c) 


The first four roots of this equation are given in Appendix B.3. The exact solution given by 
Equation 5.42a is valid for any time, 0 = Fo = ~. 


3-0-2 Approximate Solution 


It can be shown (Problem 5.43) that for values of Fo > 0.2, the infinite series solution, 
Equation 5.42a, can be approximated by the first term of the series, n = 1. Invoking this 
approximation, the dimensionless form of the temperature distribution becomes 


6* = C,exp (—¢j Fo) cos (£,x*) (5.43a) 
or 
0* = 6% cos (£,x*) (5.43b) 
where 0% = (T, — T.,)/(T; — T..) represents the midplane (x* = 0) temperature 
6% = C, exp (—¢jFo) (5.44) 
Tr, 0) = T; 


i 
Ht) Go fttt oo, ttt 


i FIGURE 5.6 One-dimensional systems 


=r : with an initial uniform temperature 
a: subjected to sudden convection 
“OL conditions: (a) Plane wall. (b) Infinite 
(a) (b) cylinder or sphere. 


G2, Graphical representations of the one-term approximations are presented in Section 5S.1. 
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An important implication of Equation 5.43b is that the time dependence of the temperature 
at any location within the wall is the same as that of the midplane temperature. The coeffi- 
cients C, and ¢, are evaluated from Equations 5.42b and 5.42c, respectively, and are given 
in Table 5.1 for a range of Biot numbers. 


TABLE 5.1 Coefficients used in the one-term approximation to the series 
solutions for transient one-dimensional conduction 


Plane Wall Infinite Cylinder Sphere 
oi a ti 

Bi‘ (rad) OF (rad) C, (rad) C, 
0.01 0.0998 1.0017 0.1412 1.0025 0.1730 1.0030 
0.02 0.1410 1.0033 0.1995 1.0050 0.2445 1.0060 
0.03 0.1723 1.0049 0.2440 1.0075 0.2991 1.0090 
0.04 0.1987 1.0066 0.2814 1.0099 0.3450 1.0120 
0.05 0.2218 1.0082 0.3143 1.0124 0.3854 1.0149 
0.06 0.2425 1.0098 0.3438 1.0148 0.4217 1.0179 
0.07 0.2615 1.0114 0.3709 1.0173 0.4551 1.0209 
0.08 0.2791 1.0130 0.3960 1.0197 0.4860 1.0239 
0.09 0.2956 1.0145 0.4195 1.0222 0.5150 1.0268 
0.10 0.3111 1.0161 0.4417 1.0246 0.5423 1.0298 
0.15 0.3779 1.0237 0.5376 1.0365 0.6609 1.0445 
0.20 0.4328 1.0311 0.6170 1.0483 0.7593 1.0592 
0.25 0.4801 1.0382 0.6856 1.0598 0.8447 1.0737 
0.30 0.5218 1.0450 0.7465 1.0712 0.9208 1.0880 
0.4 0.5932 1.0580 0.8516 1.0932 1.0528 1.1164 
0.5 0.6533 1.0701 0.9408 1.1143 1.1656 1.1441 
0.6 0.7051 1.0814 1.0184 1.1345 1.2644 1.1713 
0.7 0.7506 1.0919 1.0873 1.1539 1.3525 1.1978 
0.8 0.7910 1.1016 1.1490 1.1724 1.4320 1.2236 
0.9 0.8274 1.1107 1.2048 1.1902 1.5044 1.2488 
1.0 0.8603 1.1191 1.2558 1.2071 1.5708 1.2732 
2.0 1.0769 1.1785 1.5994 1.3384 2.0288 1.4793 
3.0 1.1925 1.2102 1.7887 1.4191 2.2889 1.6227 
4.0 1.2646 1.2287 1.9081 1.4698 2.4556 1.7202 
5.0 1.3138 1.2402 1.9898 1.5029 2.5704 1.7870 
6.0 1.3496 1.2479 2.0490 1.5253 2.6537 1.8338 
7.0 1.3766 1.2532 2.0937 1.5411 2.7165 1.8673 
8.0 1.3978 1.2570 2.1286 1.5526 1.7654 1.8920 
9.0 1.4149 1.2598 2.1566 1.5611 2.8044 1.9106 
10.0 1.4289 1.2620 2.1795 1.5677 2.8363 1.9249 
20.0 1.4961 1.2699 2.2881 1.5919 2.9857 1.9781 
30.0 1.5202 1.2717 2.3261 15973 3.0372 1.9898 
40.0 1.5325 1.2723 2.3455 1.5993 3.0632 1.9942 
50.0 1.5400 1.2727 2.3572 1.6002 3.0788 1.9962 
100.0 1.5552 1.2731 2.3809 1.6015 3.1102 1.9990 
00 1.5708 1.2733 2.4050 1.6018 3.1415 2.0000 


“Bi = hL/k for the plane wall and hr,/k for the infinite cylinder and sphere. See Figure 5.6. 
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deded =Total Energy Transfer 


In many situations it is useful to know the total energy that has left (or entered) the wall up 
to any time f in the transient process. The conservation of energy requirement, Equation 
1.12b, may be applied for the time interval bounded by the initial condition (tf = 0) and any 
time t > 0 


Ein = Fou = AE, (5.45) 


Equating the energy transferred from the wall Q to E,,, and setting E,,= 0 and AE, = 
E(t) — E(O), it follows that 


Q= —[E® — E(0)] (5.46a) 


or 
OQ= -| pet, t) — T;|dV (5.46b) 


where the integration is performed over the volume of the wall. It is convenient to nondi- 
mensionalize this result by introducing the quantity 


O,.= pov, — Te) (5.47) 


which may be interpreted as the initial internal energy of the wall relative to the fluid 
temperature. It is also the maximum amount of energy transfer that could occur if the 
process were continued to time t = %. Hence, assuming constant properties, the ratio of 
the total energy transferred from the wall over the time interval f to the maximum possi- 
ble transfer is 


: eee t)—- ae “fa 6*)dV (5.48) 


Employing the approximate form of the temperature distribution for the plane wall, Equation 
5.43b, the integration prescribed by Equation 5.48 can be performed to obtain 


Q _ sing, ,. 
QO, by 0; 


where 67 can be determined from Equation 5.44, using Table 5.1 for values of the coeffi- 
cients C, and Z). 


(5.49) 


5.3.4 Additional Considerations 


Because the mathematical problem is precisely the same, the foregoing results may also be 

applied to a plane wall of thickness L that is insulated on one side (x* = 0) and experiences 

convective transport on the other side (x* = +1). This equivalence is a consequence of the 

fact that, regardless of whether a symmetrical or an adiabatic requirement is prescribed at 
* = (0, the boundary condition is of the form 06*/dx* = 0. 

Also note that the foregoing results may be used to determine the transient response of 

a plane wall to a sudden change in surface temperature. The process is equivalent to having 
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an infinite convection coefficient, in which case the Biot number is infinite (Bi = ©) and 
the fluid temperature T., is replaced by the prescribed surface temperature T,. 


9-6 Radial Systems with Convection 


For an infinite cylinder or sphere of radius r, (Figure 5.65), which is at an initial uniform 
temperature and experiences a change in convective conditions, results similar to those of 
Section 5.5 may be developed. That is, an exact series solution may be obtained for the 
time dependence of the radial temperature distribution, and a one-term approximation may 
be used for most conditions. The infinite cylinder is an idealization that permits the 
assumption of one-dimensional conduction in the radial direction. It is a reasonable approx- 
imation for cylinders having L/r, = 10. 


5.6.1 Exact Solutions 


For a uniform initial temperature and convective boundary conditions, the exact solutions [4], 
applicable at any time (Fo > 0), are as follows. 


Infinite Cylinder In dimensionless form, the temperature is 


6* = >) C, exp -6,Fo)Jo(E,r*) (5.50a) 
n=1 
where Fo = at/r, 
J 
——— ie (5.50b) 
bn JS) I JG) 
and the discrete values of ¢,, are positive roots of the transcendental equation 
Ji(f,) 7 
bi = Bi (5.50c) 
Joon) 


where Bi = hr,/k. The quantities J; and J, are Bessel functions of the first kind, and their 
values are tabulated in Appendix B.4. Roots of the transcendental equation (5.50c) are tabu- 
lated by Schneider [4]. 


Sphere Similarly, for the sphere 


fore) 7 1 
6* = >), C,exp (—¢,Fo 
» PC Cf 


sin (¢,,r*) (5.5 1a) 


where Fo = at/r2, 


c= Alsin Gn) = S,c08 0) 
"2G, = sin 22) 


(5.51b) 
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and the discrete values of ¢, are positive roots of the transcendental equation 
1—€,cot¢, = Bi (5.51c) 


where Bi = hr,/k. Roots of the transcendental equation are tabulated by Schneider [4]. 


3.6.2 Approximate Solutions 


For the infinite cylinder and sphere, the foregoing series solutions can again be approxi- 
mated by a single term, n = 1, for Fo > 0.2. Hence, as for the case of the plane wall, the 
time dependence of the temperature at any location within the radial system is the same as 
that of the centerline or centerpoint. 


Infinite Cylinder The one-term approximation to Equation 5.50a is 
0* = Cyexp (—¢;Fo)Jo(fir*) (5.52a) 
or 
O* = OF IgE 7") (5.52b) 
where 6* represents the centerline temperature and is of the form 
6* = C, exp (—CiFo) (5.52c) 


Values of the coefficients C, and ¢; have been determined and are listed in Table 5.1 for a 
range of Biot numbers. 


Sphere From Equation 5.51a, the one-term approximation is 


6* = C\exp(—GFo) sin (£,r°) (5.53a) 
1 
or 
6* = 6% 7 esin (ir) (5.53b) 
1 


where 6* represents the center temperature and is of the form 

0* = C, exp (—£{Fo) (5.53c) 
Values of the coefficients C, and ¢, have been determined and are listed in Table 5.1 for a 
range of Biot numbers. 
3.6.3 Total Energy Transfer 


As in Section 5.5.3, an energy balance may be performed to determine the total energy 
transfer from the infinite cylinder or sphere over the time interval At = ¢. Substituting from 


Ge, Graphical representations of the one-term approximations are presented in Section 58.1. 
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the approximate solutions, Equations 5.52b and 5.53b, and introducing Q, from Equation 
5.47, the results are as follows. 


Infinite Cylinder 


Q_ | _ 203 
0,” Tome ies) (5.54) 
Sphere 
Q 307 as 
0, l= a [sin (¢,) — ¢, cos (¢)] (5.55) 


Values of the center temperature 6% are determined from Equation 5.52c or 5.53c, using the 
coefficients of Table 5.1 for the appropriate system. 


5.6.4 Additional Considerations 


As for the plane wall, the foregoing results may be used to predict the transient response of 
long cylinders and spheres subjected to a sudden change in surface temperature. Namely, 
an infinite Biot number would be prescribed, and the fluid temperature T,, would be 
replaced by the constant surface temperature T,. 


EXAMPLE 5.5 


Consider a steel pipeline (AISI 1010) that is 1 m in diameter and has a wall thickness of 
40 mm. The pipe is heavily insulated on the outside, and, before the initiation of flow, the 
walls of the pipe are at a uniform temperature of —20°C. With the initiation of flow, hot oil 
at 60°C is pumped through the pipe, creating a convective condition corresponding to 
h = 500 W/m’: K at the inner surface of the pipe. 

1. What are the appropriate Biot and Fourier numbers 8 min after the initiation of flow? 


2. At f= 8min, what is the temperature of the exterior pipe surface covered by the 
insulation? 


3. What is the heat flux g’(W/m’) to the pipe from the oil at t = 8 min? 


4. How much energy per meter of pipe length has been transferred from the oil to the 
pipe at ¢ = 8 min? 


SOLUTION 


Known: Wall subjected to sudden change in convective surface condition. 


Find: 
1. Biot and Fourier numbers after 8 min. 
2. Temperature of exterior pipe surface after 8 min. 
3. Heat flux to the wall at 8 min. 
4. Energy transferred to pipe per unit length after 8 min. 
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Schematic: 

T(x, 0) = 

T,=-20°C “aed ML, 1) 
T(0, 1) 2 T., = 60°C 
2 h = 500 Wim*K 
Insulation ——*; 
Steel, AIS] 1010 —-}—+ ; i | 
| «GD 
L=40mm 
—> 1 

Assumptions: 


1. Pipe wall can be approximated as plane wall, since thickness is much less than diameter. 
2. Constant properties. 


3. Outer surface of pipe is adiabatic. 


Properties: Table A.1, steel type AISI 1010 [T= (—20 + 60)°C/2 ~ 300 K]: 
p = 7832 kg/m*, c = 434 J/kg-K, k = 63.9 W/m:K, a = 18.8 X 10°° m/s. 


Analysis: 


1. At t = 8 min, the Biot and Fourier numbers are computed from Equations 5.10 and 
5.12, respectively, with L, = L. Hence 


_ AL _ 500 W/m?:K X 0.04m 


Bi = 0.31 <q 
a: 63.9 Wim K Ose 
-—6 2 . . 
Fo = at = 88X10 m*/s x 8 min X 60 s/min _ 5 4 < 
L (0.04 m)? 


2. With Bi = 0.313, use of the lumped capacitance method is inappropriate. However, since 
Fo > 0.2 and transient conditions in the insulated pipe wall of thickness L correspond to 
those in a plane wall of thickness 2L experiencing the same surface condition, the desired 
results may be obtained from the one-term approximation for a plane wall. The midplane 
temperature can be determined from Equation 5.44 


Li ts 


g* = 
o ie = c. 


= C, exp (—¢{Fo) 


where, with Bi = 0.313, C, = 1.047 and ¢, = 0.531 rad from Table 5.1. With 
Fo = 5.64, 


6* = 1.047 exp [—(0.531 rad)’ X 5.64] = 0.214 


Hence after 8 min, the temperature of the exterior pipe surface, which corresponds to 
the midplane temperature of a plane wall, is 


7(0, 8 min) = T,, + 6*(T, — T,.) = 60°C + 0.21420 — 60)°C = 42.9°C <J 
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3. Heat transfer to the inner surface at x = L is by convection, and at any time f the heat 
flux may be obtained from Newton’s law of cooling. Hence at t = 480s, 


QL, 480 s) = gi = AL T(L, 480 s) — T..] 


Using the one-term approximation for the surface temperature, Equation 5.43b with 
x* = | has the form 


6* = 9% cos (¢,) 
T(L,.t) = T., + (T,; — T..)0* cos (€,) 
T(L, 8 min) = 60°C + (—20 — 60)°C X 0.214 X cos(0.531 rad) 
T(L, 8 min) = 45.2°C 
The heat flux at t = 8 min is then 


qi, = 500 W/m? K (45.2 — 60)°C = —7400 W/m? < 


4. The energy transfer to the pipe wall over the 8-min interval may be obtained from 
Equations 5.47 and 5.49. With 


Q fies sin(¢,) 9 
QO, bi 
Q sin(0.531 rad) 
= x 0. = 0. 
0; pied Oe 


it follows that 
Q = 0.80 pcVU(T, — T.,) 
or with a volume per unit pipe length of V’ = 7DL, 
Q' = 0.80 peaDL(T, — T..) 
Q’ = 0.80 X 7832 kg/m? X 434 J/kg -K 
X aX 1m X 0.04 m (—20 — 60)°C 
Q' = —2.73 X 10’ Jim <q 


Comments: 


1. The minus sign associated with q” and Q’ simply implies that the direction of heat 
transfer is from the oil to the pipe (into the pipe wall). 


2. The solution for this example is provided as a ready-to-solve model in the Advanced sec- 
tion of JHT, which uses the Models, Transient Conduction, Plane Wall option. Since the 
IHT model uses a multiple-term approximation to the series solution, the results are more 
accurate than those obtained from the foregoing one-term approximation. JHT Models 
for Transient Conduction are also provided for the radial systems treated in Section 5.6. 
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EXAMPLE 5.6 
[= ee | 


A new process for treatment of a special material is to be evaluated. The material, a sphere 
of radius r, = 5 mm, is initially in equilibrium at 400°C in a furnace. It is suddenly removed 
from the furnace and subjected to a two-step cooling process. 


Step 1 Cooling in air at 20°C for a period of time ¢, until the center temperature reaches a 
critical value, T,(0, t,) = 335°C. For this situation, the convection heat transfer coeffi- 
cient is h, = 10 W/m*:K. 


After the sphere has reached this critical temperature, the second step is initiated. 


Step 2 Cooling in a well-stirred water bath at 20°C, with a convection heat transfer coef- 
ficient of h,, = 6000 W/m’: K. 


The thermophysical properties of the material are p = 3000kg/m*, k = 20 W/m:K, 
c = 1000 J/kg: K, and a = 6.66 X 10°° m/s. 


1. Calculate the time ¢, required for step | of the cooling process to be completed. 


2. Calculate the time ¢,, required during step 2 of the process for the center of the sphere 
to cool from 335°C (the condition at the completion of step 1) to 50°C. 


SOLUTION 


Known: Temperature requirements for cooling a sphere. 


Find: 
1. Time ¢, required to accomplish desired cooling in air. 
2. Time ¢,, required to complete cooling in water bath. 


Schematic: 
T.,= 20°C T., = 20°C 
ha = 10 Wim?-K h,, = 6000 W/mK 
_ —> 
Air Water 
Sphere, r, = 5 mm 
p = 3000 kg/m? 
c= 1 ki/kg-K 
T,;=400°C = @=6.66 x 10° m/s T; = 335°C 
T,(0, t,) = 335°C | ~~ 20 Wim-K T,,(O, t,,) = 50°C 
Step 1 Step 2 
Assumptions: 


1. One-dimensional conduction in r. 


2. Constant properties. 
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Analysis: 


1. To determine whether the lumped capacitance method can be used, the Biot number is 
calculated. From Equation 5.10, with L. = r,/3, 


= hf, = 10 W/m*:K x 0.005 m 
3k 3 X 20 W/m: K 


Bi = 8.33 X 10-4 


Accordingly, the lumped capacitance method may be used, and the temperature is 
nearly uniform throughout the sphere. From Equation 5.5 it follows that 


t pVc l 6; PLE | T; — T. 
= n = n 
7 h,A, 6, oh, T, _ Te 


where V = (4/3)ar3 and A, = 47r?. Hence 


3x 0, x . = 
_ 3000 kg/m? x 0.005 m x 1000 J/kg-K , 400 - 20 _ 94, 


<J 
3 X 10 W/m?-K 335 — 20 


a 


2. To determine whether the lumped capacitance method may also be used for the second 
step of the cooling process, the Biot number is again calculated. In this case 


— Ayr, — 6000 W/m?2+K X 0.005 m _ 


eT 3 X 20 Wim: K 


0.50 


and the lumped capacitance method is not appropriate. However, to an excellent approx- 
imation, the temperature of the sphere is uniform at ¢ = f, and the one-term approxi- 
mation may be used for the calculations. The time ¢,, at which the center temperature 
reaches 50°C, that is, 7(0, t,,) = 50°C, can be obtained by rearranging Equation 5.53c 


Q* TO.) = 2; 
eee Lin | 7 “inl 2 ye 10st) | 
‘s C oy C La Ly 


where ¢,, = Fo r3/a. With the Biot number now defined as 


—_ Ayr. — 6000 W/m?2: K X 0.005 m _ 
k 20 W/m: K 


Bi 1.50 


Table 5.1 yields C, = 1.376 and ¢, = 1.800 rad. It follows that 


1 1. (60 —20)°C 
Fo= | x = 0.82 
° 4.800 rad)? n| che (335 — 20°C 


and 


2. 2 
ee Pe eae <J 
6.66 X 10°-° m/s 


Note that, with Fo = 0.82, use of the one-term approximation is justified. 
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Comments: 
1. If the temperature distribution in the sphere at the conclusion of step 1 were not uni- 
form, the one-term approximation could not be used for the calculations of step 2. 


2. The surface temperature of the sphere at the conclusion of step 2 may be obtained 
from Equation 5.53b. With 6* = 0.095 and r* = 1, 


T(r,) — Tn 0.095. 
* io 0. a = 
0° (r,) T.—T. 1800 rad sin (1.800 rad) = 0.0514 


and 
T(r.) = 20°C + 0.0514(335 — 20)°C = 36°C 


The infinite series, Equation 5.51a, and its one-term approximation, Equation 5.53b, 
may be used to compute the temperature at any location in the sphere and at any time 
t > t,. For (t — t,) < 0.2(0.005 m)’/6.66 < 10~° m?/s = 0.75 s, a sufficient number of 
terms must be retained to ensure convergence of the series. For (t — t,) > 0.75 s, satis- 
factory convergence is provided by the one-term approximation. Computing and plot- 
ting the temperature histories for r = 0 and r = r,, we obtain the following results for 
Os(t-—t,) =5s: 


400 


3. The [HT Models, Transient Conduction, Sphere option could be used to analyze the 
cooling processes experienced by the sphere in air and water, steps 1 and 2. The JHT 
Models, Lumped Capacitance option may only be used to analyze the air-cooling 
process, step |. 


a-é The Semi-Infinite Solid 


An important simple geometry for which analytical solutions may be obtained is the semi- 
infinite solid. Since, in principle, such a solid extends to infinity in all but one direction, it is 
characterized by a single identifiable surface (Figure 5.7). If a sudden change of conditions 
is imposed at this surface, transient, one-dimensional conduction will occur within the 
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Case (2) Case (3) 
T(x, 0) = T; T(x, 0) = T; 
-k aTIax|, 9 = 4" -k ATIAx|, 9 = HIT. -— TO, 1] 
: By 
fx 

Tlx, 1) 

if 
T; T; 

x x 


FIGURE 5.7 Transient temperature distributions in a semi-infinite solid for three surface 
conditions: constant surface temperature, constant surface heat flux, and surface convection. 


solid. The semi-infinite solid provides a useful idealization for many practical problems. 
It may be used to determine transient heat transfer near the surface of the earth or to 
approximate the transient response of a finite solid, such as a thick slab. For this second 
situation the approximation would be reasonable for the early portion of the transient, 
during which temperatures in the slab interior (well removed from the surface) are essen- 
tially uninfluenced by the change in surface conditions. These early portions of the tran- 
sient might correspond to very small Fourier numbers, and the approximate solutions of 
Sections 5.5 and 5.6 would not be valid. Although the exact solutions of the preceding 
sections could be used to determine the temperature distributions, many terms might be 
required to evaluate the infinite series expressions. The following semi-infinite solid solu- 
tions often eliminate the need to evaluate the cumbersome infinite series exact solutions at 
small Fo. It will be shown that a plane wall of thickness 2L can be accurately approxi- 
mated as a semi-infinite solid for Fo = at/L? S 0.2. 

The heat equation for transient conduction in a semi-infinite solid is given by Equation 
5.29. The initial condition is prescribed by Equation 5.30, and the interior boundary condi- 
tion is of the form 


Txa>~,t)=T,; (5.56) 


Closed-form solutions have been obtained for three important surface conditions, instanta- 
neously applied at t = 0 [3, 4]. These conditions are shown in Figure 5.7. They include 
application of a constant surface temperature 7, # T;, application of a constant surface heat 
flux q’, and exposure of the surface to a fluid characterized by T,, # T, and the convection 
coefficient h. 

The solution for case | may be obtained by recognizing the existence of a similarity 
variable y, through which the heat equation may be transformed from a partial differential 
equation, involving two independent variables (x and 1), to an ordinary differential 
equation expressed in terms of the single similarity variable. To confirm that such a 
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requirement is satisfied by n = x/(4art)'”, we first transform the pertinent differential 
operators, such that 


OT _dTON_ 1 dT 
ox dn Ox (4a)! dn 


OT d | on 1 aT 


axe dn| ox | ox  Aat dr? 
OT _ dTON _ * ar 
dt dn ot 21(4at)'” dyn 


Substituting into Equation 5.29, the heat equation becomes 
oT dT 
— = -2n— (5.57) 
dy a dn 
With x = O corresponding to 7 = 0, the surface condition may be expressed as 
T(y = 0) =T, (5.58) 


and with x — ©, as well as t = 0, corresponding to 7 — ©, both the initial condition and 
the interior boundary condition correspond to the single requirement that 


Nye) = 7, (5.59) 


Since the transformed heat equation and the initial/boundary conditions are independent 
of x and t, n= x/(4at)'” is, indeed, a similarity variable. Its existence implies that, irrespec- 
tive of the values of x and ¢, the temperature may be represented as a unique function of 7. 

The specific form of the temperature dependence, 7(7), may be obtained by separating 
variables in Equation 5.57, such that 


d(dTldn) _ 


~2n d 
(dTldn) ae 


Integrating, it follows that 
In(dTidn) = —17° + C; 
or 
Ml = Cyexp(—r) 
Integrating a second time, we obtain 


n 
F=f, | exp(—u’) du + C> 
0 


where u is a dummy variable. Applying the boundary condition at 7 = 0, Equation 5.58, it 
follows that C, = T, and 


n 
T= a exp(—u’) du + T, 
0 
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From the second boundary condition, Equation 5.59, we obtain 
T;= a, exp(—u’) du + T, 
0 


or, evaluating the definite integral, 


AG=D 


qr? 


C, 


Hence the temperature distribution may be expressed as 


t= hs iny {7 2 
T = (2/m7'-)| exp(—uw’) du=erf (5.60) 
= 0 


U Ss 


where the Gaussian error function, erf y, is a standard mathematical function that is 
tabulated in Appendix B. Note that erf(7) asymptotically approaches unity as 7 becomes 
infinite. Thus, at any nonzero time, temperatures everywhere are predicted to have changed 
from T; (become closer to T,). The infinite speed at which boundary-condition information 
propagates into the semi-infinite solid is physically unrealistic, but this limitation of 
Fourier’s law is not important except at extremely small time scales, as discussed in 
Section 2.3. The surface heat flux may be obtained by applying Fourier’s law at x = 0, in 
which case 


d(erf n) dn 
= —k(f.—T. 
a as Nec 


We = oT 
qs ko. 


x=0 
qn — K(T, _ T)(2/tr')exp(— 77)(4act) bes 


_KT,-T) 
ye 


” 


: (wat 


(5.61) 


Analytical solutions may also be obtained for the case 2 and case 3 surface conditions, 
and results for all three cases are summarized as follows. 


Case 1 Constant Surface Temperature: 7(0, t) = T, 


T(x, t) — T, ( r 
=erf 5.60 
"Gna oe 
ss V Tat ; 


Case 2 Constant Surface Heat Flux: g! = 7, 


2q(atlm)\? —x*\ qx x 
T(x,t) -T, = rf 62 
(x, f) : i exp Tes k erfc ve (5.62) 
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oT 


Case3 Surface Convection: “ke =h{T,. — TO, 1] 


x=0 


= erte( x 
Ted; 2V at 


hx , hat x hV at 
owo( ie JleeGese k ) saa 


The complementary error function, erfc w, is defined as erfc w = 1 — erf w. 

Temperature histories for the three cases are shown in Figure 5.7, and distinguishing fea- 
tures should be noted. With a step change in the surface temperature, case 1, temperatures 
within the medium monotonically approach 7, with increasing t, while the magnitude of the 
surface temperature gradient, and hence the surface heat flux, decreases as f ”. A thermal 
penetration depth 6, can be defined as the depth to which significant temperature effects 
propagate within a medium. For example, defining 6, as the x-location at which (T-— T,)/ 
(T;—T,) = 0.90, Equation 5.60 results in 6, = 2.3Vat. Hence, the penetration depth 
increases as r'” and is larger for materials with higher thermal diffusivity. For a fixed surface 
heat flux (case 2), Equation 5.62 reveals that 7(0, t) = T,(f) increases monotonically as ie 
For surface convection (case 3), the surface temperature and temperatures within the medium 
approach the fluid temperature 7., with increasing time. As 7, approaches T.., there is, of 
course, a reduction in the surface heat flux, gi(1) = A[T.. — T,(f)]. Specific temperature histo- 
ries computed from Equation 5.63 are plotted in Figure 5.8. The result corresponding to 
h=© is equivalent to that associated with a sudden change in surface temperature, 
case 1. That is, for i = ©, the surface instantaneously achieves the imposed fluid tempera- 
ture (7, = T.,), and with the second term on the right-hand side of Equation 5.63 reducing 
to zero, the result is equivalent to Equation 5.60. 

An interesting permutation of case 1 occurs when two semi-infinite solids, initially at 
uniform temperatures 7, ; and T , are placed in contact at their free surfaces (Figure 5.9). 


1.0 


0.5 


FIcuRE 5.8 Temperature histories in a 


semi-infinite solid with surface convection 


2 Vat [4]. (Adapted with permission.) 


°To apply the semi-infinite approximation to a plane wall of thickness 2L, it is necessary that 6, < L. Substituting 
6, = L into the expression for the thermal penetration depth yields Fo = 0.19 ~ 0.2. Hence, a plane wall of 
thickness 2Z can be accurately approximated as a semi-infinite solid for Fo = at/L* S 0.2. This restriction will 
also be demonstrated in Section 5.8. 
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FicurE 5.9 Interfacial contact between two semi- 
infinite solids at different initial temperatures. 


If the contact resistance is negligible, the requirement of thermal equilibrium dictates that, 
at the instant of contact (t = 0), both surfaces must assume the same temperature T,, for 
which 7, ; < T, < T,;. Since T, does not change with increasing time, it follows that the 
transient thermal response and the surface heat flux of each of the solids are determined by 
Equations 5.60 and 5.61, respectively. 

The equilibrium surface temperature of Figure 5.9 may be determined from a surface 
energy balance, which requires that 


Ga = Gs (5.64) 


Substituting from Equation 5.61 for qi, and gi, and recognizing that the x-coordinate of 
Figure 5.9 requires a sign change for q/’,, it follows that 


—kA(T, — ve) _ ky(T, — Tj) 


5.65 
(ara af) 1/2 (rapt) ( ) 
or, solving for 7,, 
T= (kpc) PT, ci (kpc)g’T, (5.66) 
(kpc)x” + (kpe)s” . 


Hence the quantity m = (kpc)'” is a weighting factor that determines whether T, will more 
closely approach T, ;(m, > mg) or Tg; (mg > ma). 


EXAMPLE 5.7 


On a hot and sunny day, the concrete deck surrounding a swimming pool is at a tempera- 
ture of 7, = 55°C. A swimmer walks across the dry deck to the pool. The soles of the 
swimmer’s dry feet are characterized by an L, = 3-mm-thick skin/fat layer of thermal con- 
ductivity k,; = 0.3 W/m: K. Consider two types of concrete decking; (i) a dense stone mix 
and (ii) a lightweight aggregate characterized by density, specific heat, and thermal conduc- 
tivity of py = 1495 kg/m, Cyiw = 880 J/kg: K, and k,, = 0.28 W/m°K, respectively. The 
density and specific heat of the skin/fat layer may be approximated to be those of liquid 
water, and the skin/fat layer is at an initial temperature of T,;,; = 37°C. What is the tempera- 
ture of the bottom of the swimmer’s feet after an elapsed time of t = 1 s? 
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SOLUTION 


Known: Concrete temperature, initial foot temperature, and thickness of skin/fat layer on 
the sole of the foot. Skin/fat and lightweight aggregate concrete properties. 


Find: The temperature of the bottom of the swimmer’s feet after | s. 


Schematic: 


Concrete deck 


Assumptions: 
1. One-dimensional conduction in the x-direction. 
2. Constant and uniform properties. 
3. Negligible contact resistance. 


Properties: Table A.3 stone mix concrete (T = 300 K): py, = 2300 kg/m’, k,,, = 1.4 W/m:K, 
Con = 880 J/kg+K. Table A.6 water (T = 310 K): py = 993 kg/m*, cy = 4178 J/kg: K. 


Analysis: If the skin/fat layer and the deck are both semi-infinite media, from Equation 5.66 
the surface temperature 7, is constant when the swimmer’s foot is in contact with the deck. For 
the lightweight aggregate concrete decking, the thermal penetration depth at ¢ = 1 s is 


kayt ; 
Saw = 2.3 Vet =2.3,/- = 23,/ ae 
PiwOw 1495 kg/m? X 880 J/kg-K 


= 1.06 X 10° >m=1.06 mm 


Since the thermal penetration depth is relatively small, it is reasonable to assume that the light- 
weight aggregate deck behaves as a semi-infinite medium. Similarly, the thermal penetration 
depth in the stone mix concrete is 6,.,, = 1.91 mm, and the thermal penetration depth associ- 
ated with the skin/fat layer of the foot is 6,,.. = 0.62 mm. Hence, it is reasonable to assume that 
the stone mix concrete deck responds as a semi-infinite medium, and, since 6, < Ly, it is also 
correct to assume that the skin/fat layer behaves as a semi-infinite medium. Therefore, Equa- 
tion 5.66 may be used to determine the surface temperature of the swimmer’s foot for exposure 


to the two types of concrete decking. For the lightweight aggregate, 
_ (kpc)iw Lay t (kpc) Ts, 
WN Kpo ye + (kp? 


ie W/m + K X 1495 kg/m? X 880 J/kg «Ky! x 55°C 

+ (0.3 W/m: K X 993 kg/m? X 4178 J/kg + K)"” X 37°C 

= = 43.3°C <J 
(0.28 W/m: K X 1495 kg/m? X 880 J/kg + K)'” 
+ (0.3 W/m: K X 993 kg/m? X 4178 J/kg + K)!” 
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Repeating the calculation for the stone mix concrete gives T, ,., = 47.8°C. <J 


s,sm 


Comments: 


1. The lightweight aggregate concrete feels cooler to the swimmer, relative to the stone mix 
concrete. Specifically, the temperature rise from the initial skin/fat temperature that is 
associated with the stone mix concrete is AT... = Ty — Ty. = 47.8°C — 37°C = 10.8°C, 


sm 


whereas the temperature rise associated with the lightweight aggregate is AT, = Try — 
Tj = 43.3°C — 37°C = 6.3°C. 

2. The thermal penetration depths associated with an exposure time of t = 1s are small. 
Stones and air pockets within the concrete may be of the same size as the thermal penetra- 
tion depth, making the uniform property assumption somewhat questionable. The pre- 
dicted foot temperatures should be viewed as representative values. 


a Objects with Constant Surface Temperatures or Surface Heat Fluxes 


In Sections 5.5 and 5.6, the transient thermal response of plane walls, cylinders, and 
spheres to an applied convection boundary condition was considered in detail. It was 
pointed out that the solutions in those sections may be used for cases involving a step 
change in surface temperature by allowing the Biot number to be infinite. In Section 5.7, 
the response of a semi-infinite solid to a step change in surface temperature, or to an 
applied constant heat flux, was determined. This section will conclude our discussion of 
transient heat transfer in one-dimensional objects experiencing constant surface tempera- 
ture or constant surface heat flux boundary conditions. A variety of approximate solutions 
are presented. 


3.8.1 Constant Temperature Boundary Conditions 


In the following discussion, the transient thermal response of objects to a step change in 
surface temperature is considered. 


Semi-Infinite Solid Insight into the thermal response of objects to an applied constant 
temperature boundary condition may be obtained by casting the heat flux in Equation 5.61 
into the nondimensional form 


gee he | (5.67) 
KT, — T;) 


where L, is a characteristic length and q* is the dimensionless conduction heat rate that 
was introduced in Section 4.3. Substituting Equation 5.67 into Equation 5.61 yields 


qt = (5.68) 
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where the Fourier number is defined as Fo = at/L?. Note that the value of gq” is independent 
of the choice of the characteristic length, as it must be for a semi-infinite solid. Equation 
5.68 is plotted in Figure 5.10a, and since q* « Fo '”, the slope of the line is — 1/2 on the 
log-log plot. 


Interior Heat Transfer: Plane Wall, Cylinder, and Sphere Results for heat transfer to 
the interior of a plane wall, cylinder, and sphere are also shown in Figure 5.10a. These 
results are generated by using Fourier’s law in conjunction with Equations 5.42, 5.50, and 
5.51 for Bi— ©. As in Sections 5.5 and 5.6, the characteristic length is L. = L or r, for a 
plane wall of thickness 2Z or a cylinder (or sphere) of radius r,, respectively. For each 
geometry, q* initially follows the semi-infinite solid solution but at some point decreases 
rapidly as the objects approach their equilibrium temperature and gj (t— ©) — 0. The 
value of g* is expected to decrease more rapidly for geometries that possess large surface 
area to volume ratios, and this trend is evident in Figure 5.10a. 


100 


Exterior objects, L. = (A/47)1/2 


Semi-infinite solid 
10 


m 
= Interior, L.= Lorr, 
sphere 
0. ar 5 
infinite cylinder 
plane wall 
0.0 
0.0001 0.001 0.01 0.1 1 10 
Fo = atll2 
(a) 
100 
Exterior objects, L. = (A/47)1/2 
Semi-infinite solid 
10 
i 
is 


Interior, L.= Lor r, 


ue: FicurE 5.10 Transient dimensionless 


infinite cylinder conduction heat rates for a variety of 


plane wall geometries. (a) Constant surface 


0 temperature. Results for the geometries 
0.0001 0.001 0.01 0.1 1 10 of Table 4.1 lie within the shaded region 
Fo = adll? and are from Yovanovich [7]. (6) Constant 
(b) surface heat flux. 
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Exterior Heat Transfer: Various Geometries Additional results are shown in Figure 5.10a 
for objects that are embedded in an exterior (surrounding) medium of infinite extent. The 
infinite medium is initially at temperature 7;, and the surface temperature of the object is 
suddenly changed to 7,. For the exterior cases, L, is the characteristic length used in 
Section 4.3, namely L, = (A,/47r)'”. For the sphere in a surrounding infinite medium, the 
exact solution for g*(Fo) is [7] 


g= = 

V mFo 

As seen in the figure, for all of the exterior cases q* closely mimics that of the sphere when the 

appropriate length scale is used in its definition, regardless of the object’s shape. Moreover, in 

a manner consistent with the interior cases, g* initially follows the semi-infinite solid solution. 

In contrast to the interior cases, g* eventually reaches the nonzero, steady-state value of g%*, 

that is listed in Table 4.1. Note that g! in Equation 5.67 is the average surface heat flux for 
geometries that have nonuniform surface heat flux. 

As seen in Figure 5.10a, all of the thermal responses collapse to that of the semi- 
infinite solid for early times, that is, for Fo less than approximately 10° *. This remarkable 
consistency reflects the fact that temperature variations are confined to thin layers adjacent 
to the surface of any object at early times, regardless of whether internal or external heat 
transfer is of interest. At early times, therefore, Equations 5.60 and 5.61 may be used to 
predict the temperatures and heat transfer rates within the thin regions adjacent to the 
boundaries of any object. For example, predicted local heat fluxes and local dimensionless 
temperatures using the semi-infinite solid solutions are within approximately 5% of the pre- 
dictions obtained from the exact solutions for the interior and exterior heat transfer cases 
involving spheres when Fo = 10°. 


+1 (5.69) 


3.8.2 Constant Heat Flux Boundary Conditions 


When a constant surface heat flux is applied to an object, the resulting surface temperature 
history is often of interest. In this case, the heat flux in the numerator of Equation 5.67 is now 
constant, and the temperature difference in the denominator, 7, — T;, increases with time. 


Semi-Infinite Solid In the case of a semi-infinite solid, the surface temperature history 
can be found by evaluating Equation 5.62 at x = 0, which may be rearranged and combined 


with Equation 5.67 to yield 
«il /@ 5.70 
7 2\ Fo oa) 


As for the constant temperature case, g* « Fo '”, but with a different coefficient. Equa- 
tion 5.70 is presented in Figure 5.10b. 


Interior Heat Transfer: Plane Wall, Cylinder, and Sphere A second set of results is 
shown in Figure 5.10b for the interior cases of the plane wall, cylinder, and sphere. As for 
the constant surface temperature results of Figure 5.10a, g* initially follows the semi- 
infinite solid solution and subsequently decreases more rapidly, with the decrease occurring 
first for the sphere, then the cylinder, and finally the plane wall. Compared to the constant 
surface temperature case, the rate at which g* decreases is not as dramatic, since steady- 
state conditions are never reached; the surface temperature must continue to increase with 
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time. At /ate times (large Fo), the surface temperature increases linearly with time, yielding 
q* « Fo ', with a slope of —1 on the log-log plot. 


Exterior Heat Transfer: Various Geometries Results for heat transfer between a sphere 
and an exterior infinite medium are also presented in Figure 5.10b. The exact solution for 
the embedded sphere is 


q* = [1 — exp(Fo) erfe(Fo'”)]~' (5.71) 


As in the constant surface temperature case of Figure 5.10a, this solution approaches 
steady-state conditions, with g{, = 1. For objects of other shapes that are embedded within 
an infinite medium, g* would follow the semi-infinite solid solution at small Fo. At larger 
Fo, q* must asymptotically approach the value of gi, given in Table 4.1 where 7, in Equa- 
tion 5.67 is the average surface temperature for geometries that have nonuniform surface 
temperatures. 


5.8.3 Approximate Solutions 


Simple expressions have been developed for g*(Fo) [8]. These expressions may be used to 
approximate all the results included in Figure 5.10 over the entire range of Fo. These 
expressions are listed in Table 5.2, along with the corresponding exact solutions. Table 
5.2a is for the constant surface temperature case, while Table 5.2b is for the constant sur- 
face heat flux situation. For each of the geometries listed in the left-hand column, the tables 
provide the length scale to be used in the definition of both Fo and q*, the exact solution for 
q*(Fo), the approximation solutions for early times (Fo < 0.2) and late times (Fo = 0.2), 
and the maximum percentage error associated with use of the approximations (which 
occurs at Fo ~ 0.2 for all results except the external sphere with constant heat flux). 


EXAMPLE 5.8 


Derive an expression for the ratio of the total energy transferred from the isothermal 
surfaces of a plane wall to the interior of the plane wall, Q/Q,, that is valid for Fo < 0.2. 
Express your results in terms of the Fourier number Fo. 


oO? 


SOLUTION 


Known: Plane wall with constant surface temperatures. 
Find: Expression for Q/Q, as a function of Fo = at/L’. 


Schematic: 


TABLE 5.2a Summary of transient heat transfer results for constant surface temperature cases“ [8] 


q*(Fo) 
Approximate Solutions : 
Length Exact Maximum 
Geometry Scale, L, Solutions Fo < 0.2 Fo = 0.2 Error (%) 
Semi-infinite L (arbitrary) ! Use exact solution. None 
V 7Fo 

Interior Cases 

Plane wall of L 2> exp(-@ Fo) ¢,=(n- 5)a ! 2exp(—¢j Fo) ¢,= 7/2 1.7 

thickness 2L neh V Fo 

Infinite cylinder fr, 2), exp(-G Fo) J(¢,,) = 0 —— 0.50 — 0.65 Fo 2exp(—¢; Fo) £, = 2.4050 0.8 

n=1 V Fo 
~ 1 ; 
Sphere ae 2s exp(-@7 Fo) ¢, =n =" 2exp(-—¢j Fo) (;=7 6.3 
n=1 V wzFo 

Exterior Cases 

Sphere a : +1 Use exact solution. None 

Fo 

Various shapes 1 

(Table 4.1, (A,/4ar)'? None + q&,  q& from Table 4.1 7A 

cases 12-15) V Fo 


ag* = qi L./K(T, — T;) and Fo = at/L2, where L, is the length scale given in the table, T, is the object surface temperature, and 7; is (a) the initial object temperature for the interior cases 
and (b) the temperature of the infinite medium for the exterior cases. 


saxn|y wayyy aavfing 410 saanjosaduiay, aanfang yunysuo) ynn syvalqgQ: B QB'C 
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TABLE 5.26 Summary of transient heat transfer results for constant surface heat flux cases“ [8 | 


Approximate Solutions 


Length Exact Maximum 
Geometry Scale, L, Solutions Fo <0.2 Fo=0.2 Error (%) 
Semi-infinite L (arbitrary) 5 a Use exact solution. None 
Interior Cases 2 = 
& exp(—¢;, Fo) |-! Ll /a iy! 
Plane wall of L Fo+ py = NT = {= Fo+= 5.3 
; qa 2 2 Fo 3 
thickness 2L n 
— & exp(—&;, Fo) |! 2 1 faa i i 
Infinite cylinder Ts 24 22 2 J\(G,) =0 a Fo 8 2Fo + — 2.1 
& exp(—¢; Fo) |"! 2 ila _o ij? 
Sphere f; Ez 23 2 tan(Z,) =f, ail Fo A 3Fo 5 4.5 
Exterior Cases a 
= W2y)-1 lf/@a saz 0.77 | 
Sphere rs [1 — exp(Fo)erfc(Fo'”)] a\/Fo' 4 = 1 3.2 
Various shapes 
(Table 4.1, I — * 0.77 
is 1/2 i/@ 7 . 
cases 12-15) (A,/477) None 54| Fo A a + Gs Unknown 


ag* = qi L.JK(T, — T,) and Fo = at/L2, where L, is the length scale given in the table, 7, is the object surface temperature, and 7; is (a) the initial object temperature for the interior cases 


and (b) the temperature of the infinite medium for the exterior cases. 
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Assumptions: 
1. One-dimensional conduction. 
2. Constant properties. 
3. Validity of the approximate solution of Table 5.2a. 


Analysis: From Table 5.2a for a plane wall of thickness 2Z and Fo < 0.2, 


oS a where Fo = % 
KT,—T)  WaFo P 
Combining the preceding equations yields 
n_ KT; — Ti) 
: Tat 


Recognizing that Q is the accumulated heat that has entered the wall up to time f, we 


can write 
t 
| acar t 
Q t=0 a —1/2 2 
= = t “dt = ——V Fo <q 
QO, Lpc(T, ~~ T;) L V TQ =o Var 
Comments: 


1. The exact solution for Q/Q, at small Fourier number involves many terms that would 
need to be evaluated in the infinite series expression. Use of the approximate solution 
simplifies the evaluation of Q/Q, considerably. 


2. At Fo = 0.2, Q/Q, ~ 0.5. Approximately half of the total possible change in thermal 
energy of the plane wall occurs during Fo = 0.2. 


3. Although the Fourier number may be viewed as a dimensionless time, it has an impor- 
tant physical interpretation for problems involving heat transfer by conduction through 
a solid concurrent with thermal energy storage in the solid. Specifically, as suggested 
by the solution, the Fourier number provides a measure of the amount of energy stored 
in the solid at any time. 


EXAMPLE 5.9 


A proposed cancer treatment utilizes small, composite nanoshells whose size and composi- 
tion are carefully specified so that the particles efficiently absorb laser irradiation at particu- 
lar wavelengths [9]. Prior to treatment, antibodies are attached to the nanoscale particles. 
The doped particles are then injected into the patient’s bloodstream and are distributed 
throughout the body. The antibodies are attracted to malignant sites, and therefore carry 
and adhere the nanoshells only to cancerous tissue. After the particles have come to rest 
within the tumor, a laser beam penetrates through the tissue between the skin and the can- 
cer, is absorbed by the nanoshells, and, in turn, heats and destroys the cancerous tissues. 
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Consider an approximately spherical tumor of diameter D, = 3 mm that is uniformly 


infiltrated with nanoshells that are highly absorptive of incident radiation from a laser 
located outside the patient’s body. 


Mirror 


Nanoshell 


impregnated oe 


tumor 


Estimate the heat transfer rate from the tumor to the surrounding healthy tissue for a 
steady-state treatment temperature of T,, = 55°C at the surface of the tumor. The ther- 
mal conductivity of healthy tissue is approximately k = 0.5 W/m:K, and the body 
temperature is 7), = 37°C. 


Find the laser power necessary to sustain the tumor surface temperature at T,,, = 55°C 
if the tumor is located d = 20 mm beneath the surface of the skin, and the laser heat 
flux decays exponentially, q/(x) = qj,(1 — p)e “, between the surface of the body 
and the tumor. In the preceding expression, qj, is the laser heat flux outside the body, 
p = 0.05 is the reflectivity of the skin surface, and x = 0.02 mm‘! is the extinction 
coefficient of the tissue between the tumor and the surface of the skin. The laser beam 
has a diameter of D, = 5mm. 


. Neglecting heat transfer to the surrounding tissue, estimate the time at which the tumor 


temperature is within 3°C of T,,, = 55°C for the laser power found in part 2. Assume 
the tissue’s density and specific heat are that of water. 
Neglecting the thermal mass of the tumor but accounting for heat transfer to the sur- 


rounding tissue, estimate the time needed for the surface temperature of the tumor to 
reach T, = 52°C. 


SOLUTION 


Known: Size of a small sphere; thermal conductivity, reflectivity, and extinction coeffi- 
cient of tissue; depth of sphere below the surface of the skin. 


Find: 
1. Heat transferred from the tumor to maintain its surface temperature at T,,, = 55°C. 
2. Laser power needed to sustain the tumor surface temperature at T,,, = 55°C. 
3. Time for the tumor to reach T, = 52°C when heat transfer to the surrounding tissue is 
neglected. 
4. Time for the tumor to reach T, = 52°C when heat transfer to the surrounding tissue is 


considered and the thermal mass of the tumor is neglected. 
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Schematic: 
Laser beam, q/', 
D,=5 mm 
La Skin, p = 0.05 
Tumor 
Healthy tissue 
T,, = 37°C 

k = 0.5 WimK 

k= 0.02 mm! 
Assumptions: 

1. One-dimensional conduction in the radial direction. 


NAM BW WN 


. Constant properties. 

. Healthy tissue can be treated as an infinite medium. 

. The treated tumor absorbs all irradiation incident from the laser. 
. Lumped capacitance behavior for the tumor. 

. Neglect potential nanoscale heat transfer effects. 


. Neglect the effect of perfusion. 


Properties: Table A.6, water (320 K, assumed): p = uy 1 = 989.1 kg/m’, Cy = 4180 J/kg: K. 


Analysis: 


1. 


2. 


3. 


The steady-state heat loss from the spherical tumor may be determined by evaluating 
the dimensionless heat rate from the expression for case 12 of Table 4.1: 


q = 2mkD(T,,, — T,) = 2 X w X 0.5 Wim: K X 3 X 1073 m X (55 — 37)°C 
= 0.170 W < 


The laser irradiation will be absorbed over the projected area of the tumor, 7D7/4. To deter- 
mine the laser power corresponding to g = 0.170 W, we first write an energy balance for 
the sphere. For a control surface about the sphere, the energy absorbed from the laser irra- 
diation is offset by heat conduction to the healthy tissue, g = 0.170 W ~ q/(x = d)mD/7/4, 
where, q/'(x = d) = qi,(1 — p)e ““ and the laser power is P, = q/,77D;/4. Hence, 


P, = qDje“I[(1 — p)Dz] 


= 0.170 W X (5 X 1073 m)? X @(0-02 mm" x 20mm) 771 — 0.05) X (3 X 1073 m)?] 
= 0.74 W <J 


The general lumped capacitance energy balance, Equation 5.14, may be written 


q(x = d)1D7/4 = q = pVc, a 
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Separating variables and integrating between appropriate limits, 


yields 
pVc, 989.1 kg/m? X (7/6) X (3 X 1073 m)? X 4180 J/kg -K 
t= — (1 1) 
q 0.170 W 
x (52°C — 37°C) 
or 
t=5.16s <q 


4. Using Equation 5.71, 
ql2mkD{T, — T,) = g* = [1 — exp(Fo)erfc(Fo'”)]“! 


which may be solved by trial-and-error to yield Fo = 10.3 = 4at/D?. Then, with 
a = k/pc, = 0.50 W/m K/(989.1 kg/m* X 4180 J/kg-K) = 1.21 X 10°77 m’/s, we find 


t = FoD?/4a = 10.3 X (3 X 107-3 m)*/(4 X 1.21 X 1077 m/s) = 192 s <J 


Comments: 


1. The analysis does not account for blood perfusion. The flow of blood would lead to 
advection of warmed fluid away from the tumor (and relatively cool blood to the vicinity 
of the tumor), increasing the power needed to reach the desired treatment temperature. 


2. The laser power needed to treat various-sized tumors, calculated as in parts 1 and 2 of 
the problem solution, is shown below. Note that as the tumor becomes smaller, a 
higher-powered laser is needed, which may seem counterintuitive. The power required 
to heat the tumor, which is the same as the heat loss calculated in part 1, increases in 
direct proportion to the diameter, as might be expected. However, since the laser 
power flux remains constant, a smaller tumor cannot absorb as much energy (the 
energy absorbed has a D? dependence). Less of the overall laser power is utilized to 
heat the tumor, and the required laser power increases for smaller tumors. 


2.5 


Laser power, P, (W) 
= 
Oo 


0.5 
al 2 3 4 


Tumor diameter, D, (mm) 
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3. To determine the actual time needed for the tumor temperature to approach steady- 
state conditions, a numerical solution of the heat diffusion equation applied to the sur- 
rounding tissue, coupled with a solution for the temperature history within the tumor, 
would be required. However, we see that significantly more time is needed for the 
surrounding tissue to reach steady-state conditions than to increase the temperature of 
the isolated spherical tumor. This is due to the fact that higher temperatures propagate 
into a large volume when heating of the surrounding tissue is considered, while in 
contrast the thermal mass of the tumor is limited by the tumor’s size. Hence, the 


actual time to heat both the tumor and the surrounding tissue will be slightly greater 
than 192s. 


4. Since temperatures are likely to increase at a considerable distance from the tumor, the 
assumption that the surroundings are of infinite size would need to be checked by 
inspecting results of the proposed numerical solution described in Comment 3. 


9-9 Periodic Heating 


In the preceding discussion of transient heat transfer, we have considered objects that expe- 
rience constant surface temperature or constant surface heat flux boundary conditions. In 
many practical applications the boundary conditions are not constant, and analytical solu- 
tions have been obtained for situations where the conditions vary with time. One situation 
involving nonconstant boundary conditions is periodic heating, which describes various 
applications, such as thermal processing of materials using pulsed lasers, and occurs natu- 
rally in situations such as those involving the collection of solar energy. 

Consider, for example, the semi-infinite solid of Figure 5.11a. For a surface tempera- 
ture history described by 7(0, t) = 7, + ATsin ot, the solution of Equation 5.29 subject 
to the interior boundary condition given by Equation 5.56 is 


aoe = exp[—xV @/2a] sin[wt — xV 2a] (5.72) 


This solution applies after sufficient time has passed to yield a quasi-steady state for 
which all temperatures fluctuate periodically about a time-invariant mean value. At loca- 
tions in the solid, the fluctuations have a time lag relative to the surface temperature. 


T(O, t) = T; + ATsin(wt) qs(0, 1) = Aq, + Ag,sin(wt) 
T; 
—»+ AT «— 


FIGURE 5.11 Schematic of 
(a) a periodically heated, one- 


dimensional semi-infinite solid and 
(b) a periodically heated strip attached 
(a) (b) to a semi-infinite solid. 
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In addition, the amplitude of the fluctuations within the material decays exponentially 
with distance from the surface. Consistent with the earlier definition of the thermal pen- 
etration depth, 6, can be defined as the x-location at which the amplitude of the temper- 
ature fluctuation is reduced by approximately 90% relative to that of the surface. This 
results in 6, = 4 Va/w. The heat flux at the surface may be determined by applying 


Fourier’s law at x = 0, yielding 
git) = KATV ola sin(wt + 77/4) (5.73) 


Equation 5.73 reveals that the surface heat flux is periodic, with a time-averaged value of zero. 

Periodic heating can also occur in two- or three-dimensional arrangements, as shown 
in Figure 5.115. Recall that for this geometry, a steady state can be attained with constant 
heating of the strip placed upon a semi-infinite solid (Table 4.1, case 13). In a similar man- 
ner, a quasi-steady state may be achieved when sinusoidal heating (q, = Ag, + Aq, sin wf) 
is applied to the strip. Again, a quasi-steady state is achieved for which all temperatures 
fluctuate about a time-invariant mean value. 

The solution of the two-dimensional, transient heat diffusion equation for the two- 
dimensional configuration shown in Figure 5.115 has been obtained, and the relationship 
between the amplitude of the applied sinusoidal heating and the amplitude of the tempera- 
ture response of the heated strip can be approximated as [10] 


_ Aq, 


~ Ads 
Lak 


AT 
Lak 


[Liner — In(w?/4a) 4 a In(w/2) i a (5.74) 


where the constant C, depends on the thermal contact resistance at the interface between 
the heated strip and the underlying material. Note that the amplitude of the temperature 
fluctuation, AT, corresponds to the spatially averaged temperature of the rectangular strip 
of length L and width w. The heat flux from the strip to the semi-infinite medium is 
assumed to be spatially uniform. The approximation is valid for L > w. For the system of 
Figure 5.115, the thermal penetration depth is smaller than that of Figure 5.11a because 
of the lateral spreading of thermal energy and is 6, ~ V a/w. 


EXAMPLE 5.10 

SSS 

A nanostructured dielectric material has been fabricated, and the following method is used 
to measure its thermal conductivity. A long metal strip 3000 angstroms thick, w = 100 wm 
wide, and L = 3.5 mm long is deposited by a photolithography technique on the top surface 
of a d = 300-um-thick sample of the new material. The strip is heated periodically by an 
electric current supplied through two connector pads. The heating rate is g,(t) = Ag, + Aq, 
sin(wt), where Ag, is 3.5 mW. The instantaneous, spatially averaged temperature of the 
metal strip is found experimentally by measuring the time variation of its electrical resis- 
tance, R(t) = E(H/I(t), and by knowing how the electrical resistance of the metal varies 
with temperature. The measured temperature of the metal strip is periodic; it has an ampli- 
tude of AT = 1.37 K at a relatively low heating frequency of w = 277 rad/s and 0.71 K at a 
frequency of 2007 rad/s. Determine the thermal conductivity of the nanostructured dielec- 
tric material. The density and specific heats of the conventional version of the material are 
3100 kg/m? and 820 J/kg: K, respectively. 
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SOLUTION 


Known: Dimensions of a thin metal strip, the frequency and amplitude of the electric 
power dissipated within the strip, the amplitude of the induced oscillating strip temperature, 
and the thickness of the underlying nanostructured material. 


Find: The thermal conductivity of the nanostructured material. 


Schematic: 
Heated metal strip 
Connector of 
pad T- x 
| y 
d 
Assumptions: 


1. Two-dimensional transient conduction in the x- and z-directions. 
2. Constant properties. 


3. Negligible radiation and convection losses from the metal strip and top surface of the 
sample. 


4. The nanostructured material sample is a semi-infinite solid. 


5. Uniform heat flux at the interface between the heated strip and the nanostructured 
material. 


Analysis: Substitution of AT = 1.37 K at w = 27 rad/s and AT = 0.71 K at w = 2007 
rad/s into Equation 5.74 results in two equations that may be solved simultaneously to yield 


C,=535 k=111W/m-K <J 


The thermal diffusivity is @ = 4.37 X 10°’ m7/s, while the thermal penetration depths 
are estimated by 6, ~ V a/a, resulting in 6, = 260 wm and 6, = 26 wm at w = 27 rad/s 
and w = 2007 rad/s, respectively. 


Comments: 


1. The foregoing experimental technique, which is widely used to measure the thermal 
conductivity of microscale devices and nanostructured materials, is referred to as the 
3 w method [10]. 


2. Because this technique is based on measurement of a temperature that fluctuates about 
a mean value that is approximately the same as the temperature of the surroundings, the 
measured value of k is relatively insensitive to radiation heat transfer losses from the 
top of the metal strip. Likewise, the technique is insensitive to thermal contact resis- 
tances that may exist at the interface between the sensing strip and the underlying 
material since these effects cancel when measurements are made at two different 
excitation frequencies [10]. 
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3. The specific heat and density are not strongly dependent on the nanostructure of most 
solids, and properties of conventional material may be used. 


4. The thermal penetration depth is less than the sample thickness. Therefore, treating the 
sample as a semi-infinite solid is a valid approach. Thinner samples could be used if 
higher heating frequencies were employed. 


2-10 Finite-Difference Methods 


G2, 


Analytical solutions to transient problems are restricted to simple geometries and boundary 
conditions, such as the one-dimensional cases considered in the preceding sections. For 
some simple two- and three-dimensional geometries, analytical solutions are still possible. 
However, in many cases the geometry and/or boundary conditions preclude the use of ana- 
lytical techniques, and recourse must be made to finite-difference (or finite-element) meth- 
ods. Such methods, introduced in Section 4.4 for steady-state conditions, are readily 
extended to transient problems. In this section we consider explicit and implicit forms of 
finite-difference solutions to transient conduction problems. 


3-10.1 Discretization of the Heat Equation: The Explicit Method 


Once again consider the two-dimensional system of Figure 4.4. Under transient conditions 
with constant properties and no internal generation, the appropriate form of the heat equa- 
tion, Equation 2.21, is 


ior. aT. @¢T 
Got ge ay 


To obtain the finite-difference form of this equation, we may use the central-difference 
approximations to the spatial derivatives prescribed by Equations 4.27 and 4.28. Once again 
the m and n subscripts may be used to designate the x- and y-locations of discrete nodal 
points. However, in addition to being discretized in space, the problem must be discretized in 
time. The integer p is introduced for this purpose, where 


(5.75) 


t = pAt (5.76) 
and the finite-difference approximation to the time derivative in Equation 5.75 is expressed as 
OT te ag 

It Inn ad ce (5.77) 


The superscript p is used to denote the time dependence of 7, and the time derivative is 
expressed in terms of the difference in temperatures associated with the new (p + 1) and 
previous (p) times. Hence calculations must be performed at successive times separated by 
the interval Af, and just as a finite-difference solution restricts temperature determination to 
discrete points in space, it also restricts it to discrete points in time. 


G0, Analytical solutions for some simple two- and three-dimensional geometries are found in Section 58.2. 
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If Equation 5.77 is substituted into Equation 5.75, the nature of the finite-difference 
solution will depend on the specific time at which temperatures are evaluated in the 
finite-difference approximations to the spatial derivatives. In the explicit method of solution, 
these temperatures are evaluated at the previous (p) time. Hence Equation 5.77 is considered 
to be a forward-difference approximation to the time derivative. Evaluating terms on the 
right-hand side of Equations 4.27 and 4.28 at p and substituting into Equation 5.75, 
the explicit form of the finite-difference equation for the interior node (m, n) is 


1 Tet —7P 7 Ts +7? —9TP T? i +7? —27T? 


m,n m,n m—l,n m,n m,n+ m,n-1 mn (5 78) 


a At (Any (Ay)? 


Solving for the nodal temperature at the new (p + 1) time and assuming that Ax = Ay, it 
follows that 


Tot} = Fo(T Rint Thain t Tensi + Tent) + — 4Fo)Te (5.79) 


m,n m-—l|,n m,n—-1 m,n 


where Fo is a finite-difference form of the Fourier number 


_ at 
(Ax)? 


(5.80) 


This approach can easily be extended to one- or three-dimensional systems. If the system is 
one-dimensional in x, the explicit form of the finite-difference equation for an interior node 
m reduces to 

T?*! = Fo(T?,, + T?_,) + (1 — 2Fo)T? (5.81) 


m m-1 m 


Equations 5.79 and 5.81 are explicit because unknown nodal temperatures for the new 
time are determined exclusively by known nodal temperatures at the previous time. Hence cal- 
culation of the unknown temperatures is straightforward. Since the temperature of each interior 
node is known at t = 0 (p = 0) from prescribed initial conditions, the calculations begin at 
t = At (p = 1), where Equation 5.79 or 5.81 is applied to each interior node to determine its 
temperature. With temperatures known for ¢ = At, the appropriate finite-difference equation is 
then applied at each node to determine its temperature at tf = 2 At (p = 2). In this way, the 
transient temperature distribution is obtained by marching out in time, using intervals of At. 

The accuracy of the finite-difference solution may be improved by decreasing the values 
of Ax and Ar. Of course, the number of interior nodal points that must be considered increases 
with decreasing Ax, and the number of time intervals required to carry the solution to a pre- 
scribed final time increases with decreasing Ar. Hence the computation time increases with 
decreasing Ax and Ar. The choice of Ax is typically based on a compromise between accuracy 
and computational requirements. Once this selection has been made, however, the value of Ar 
may not be chosen independently. It is, instead, determined by stability requirements. 

An undesirable feature of the explicit method is that it is not unconditionally stable. In 
a transient problem, the solution for the nodal temperatures should continuously approach 
final (steady-state) values with increasing time. However, with the explicit method, this 
solution may be characterized by numerically induced oscillations, which are physically 
impossible. The oscillations may become unstable, causing the solution to diverge from the 
actual steady-state conditions. To prevent such erroneous results, the prescribed value of At 
must be maintained below a certain limit, which depends on Ax and other parameters of the 
system. This dependence is termed a stability criterion, which may be obtained mathemati- 
cally or demonstrated from a thermodynamic argument (see Problem 5.108). For the 
problems of interest in this text, the criterion is determined by requiring that the coefficient 
associated with the node of interest at the previous time is greater than or equal to zero. 
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In general, this is done by collecting all terms involving T/,,, to obtain the form of the coef- 
ficient. This result is then used to obtain a limiting relation involving Fo, from which the 
maximum allowable value of At may be determined. For example, with Equations 5.79 and 
5.81 already expressed in the desired form, it follows that the stability criterion for a one- 


dimensional interior node is (1 — 2Fo) = 0, or 


1 


Fos 5.82 
as (5.82) 
and for a two-dimensional node, it is (1 — 4Fo) = 0, or 
Fo<1t (5.83) 
4 


For prescribed values of Ax and a, these criteria may be used to determine upper limits to 
the value of At. 

Equations 5.79 and 5.81 may also be derived by applying the energy balance method 
of Section 4.4.3 to a control volume about the interior node. Accounting for changes in 
thermal energy storage, a general form of the energy balance equation may be expressed as 


E,, + E, = Ey (5.84) 


In the interest of adopting a consistent methodology, it is again assumed that all heat flow is 
into the node. 

To illustrate application of Equation 5.84, consider the surface node of the one- 
dimensional system shown in Figure 5.12. To more accurately determine thermal condi- 
tions near the surface, this node has been assigned a thickness that is one-half that of the 
interior nodes. Assuming convection transfer from an adjoining fluid and no generation, it 
follows from Equation 5.84 that 


i kA D D Ax 7 = ay 
hA(T.. — T®) 4 ee Th) = pcA 5 0 a ° 


or, solving for the surface temperature at t + At, 


D = 2h At D 2a At D P\ 4 p 
Ty a Fo TO) + ae ee 
-—Xx 
A— 
Tee 
f f To? T\e T,@ T3e 
I I 
——>! ee = 
Wconv i 4 cond —| a Ie— Ax — 


Figure 5.12 Surface node with convection and one-dimensional 
transient conduction. 
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Recognizing that (2hAt/pcAx) = 2(hAx/k)(aAt/Ax’) = 2 Bi Fo and grouping terms involving 
T{, it follows that 

T?*! = 2Fo(T? + BiT..) + (1 — 2Fo — 2Bi Fo)T? (5.85) 


The finite-difference form of the Biot number is 


Bi=- (5.86) 


Recalling the procedure for determining the stability criterion, we require that the coef- 
ficient for Tf be greater than or equal to zero. Hence 


1 — 2Fo — 2Bi Fo=0 


or 


Fo(1 + Bi) < (5.87) 


Nl 


Since the complete finite-difference solution requires the use of Equation 5.81 for the inte- 
rior nodes, as well as Equation 5.85 for the surface node, Equation 5.87 must be contrasted 
with Equation 5.82 to determine which requirement is more stringent. Since Bi = 0, it is 
apparent that the limiting value of Fo for Equation 5.87 is less than that for Equation 5.82. 
To ensure stability for all nodes, Equation 5.87 should therefore be used to select the maxi- 
mum allowable value of Fo, and hence Ar, to be used in the calculations. 

Forms of the explicit finite-difference equation for several common geometries are pre- 
sented in Table 5.3a. Each equation may be derived by applying the energy balance method 
to a control volume about the corresponding node. To develop confidence in your ability to 
apply this method, you should attempt to verify at least one of these equations. 


EXAMPLE 5.11 


A fuel element of a nuclear reactor is in the shape of a plane wall of thickness 2Z = 20 mm 
and is convectively cooled at both surfaces, with h = 1100 W/m?:K and T,, = 250°C. At 
normal operating power, heat is generated uniformly within the element at a volumetric rate 
of g, = 10’ W/m*. A departure from the steady-state conditions associated with normal 
operation will occur if there is a change in the generation rate. Consider a sudden change 
to g. = 2 X 10’ W/m’, and use the explicit finite-difference method to determine the fuel 
element temperature distribution after 1.5s. The fuel element thermal properties are 
k = 30 W/m:K anda = 5 X 10° m’ss. 


SOLUTION 


Known: Conditions associated with heat generation in a rectangular fuel element with 
surface cooling. 


Find: Temperature distribution 1.5 s after a change in operating power. 


TABLE 5.3 Transient, two-dimensional finite-difference equations (Ax = Ay) 


Configuration 


(a) Explicit Method 


Finite-Difference Equation 


Stability Criterion 


(b) Implicit Method 


m,n+1 


T im+i1,n 


m-1,n ! im, ne 

+ — Im+1,n 
; aL 

=='T hh 


Ay 
Ee lm, n—1 


i Pease 


mn m-—\l,n 


+ Thintl a Tin) 


ti 


+ (1 — 4Fo)T?,, (5.79) 
1. Interior node 
re = 5Fo( ar ai 2715 
2Tinntt + Tinn-1 + 2Bi To) 
+ (1 — 4Fo — $ Bi Fo)T?,, (5.88) 


2. Node at interior corner with convection 


MB = Fo(2T*, 19 + Tati 
+72, +2BiT.) 


mn 


aie d — 4Fo—-2Bi FO)T? 


(5.90) 


3. Node at plane surface with convection“ 


Pig HAP OT mig Tape BIT) 


+(1—4Fo—4BiFo)T?, (5.92) 


4. Node at exterior corner with convection 


Fo<i (5.83) 


Fo + Bi) =? (5.89) 


Fo(2+ Bi) = (5.91) 


Fo(1+ Bi) <4 (5.93) 


(1 + 4Fo)T?h! — Fo(Tr + Thin 


mn 


1 pti 1 pt+l — 7? 
q Taint ' Y Ea Ea 


(5.95) 


(1 + 4Fo(1 + 3Bi))T%! — 5Fo - 
Cia + 20a FOE er To 


m-ln 


=T? +3 BiFoT, 


mn 


(5.98) 


(1 + 2Fo(2 + Bi))T?*! 


mn 
= Fo(2Te in so Pi ay 1a) 
= T!., + 2Bi FoT,, 


mn 


(5.99) 


(1 + 4Fo(1 + Ba)T?*! 


— 2Fo(T?*!,, + Tet!) 


m-\l,n mn 
Te 


? + 4Bi FoT., (5.100) 


“To obtain the finite-difference equation and/or stability criterion for an adiabatic surface (or surface of symmetry), simply set Bi equal to zero. 


VEE 


UOTINPUO!’) JUAISUDAT B CG aoydeyy 
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Schematic: 


Fuel element 
hy = 1x 107 Win? “I 
Go = 2x 10’ Wim? a T., = 250°C 
a=5x10% ms “4 h = 1100 Wim*K 
k = 30 WimK =, 

Symmetry adiabat - Coolant 


<——L = 10 mm—> 


eX 


Assumptions: 
1. One-dimensional conduction in x. 
2. Uniform generation. 


3. Constant properties. 


Analysis: A numerical solution will be obtained using a space increment of Ax = 2 mm. 
Since there is symmetry about the midplane, the nodal network yields six unknown nodal 
temperatures. Using the energy balance method, Equation 5.84, an explicit finite-difference 
equation may be derived for any interior node m. 


kA m-1 m } kA m } 4A Ax = A Ax m m 
Ax Ax q cured 


Solving for 7?,"! and rearranging, 


a 
re! = Fol Te Th, +” 


| + (1 — 2Fo)T?, (1) 


This equation may be used for node 0, with T%,_; = T?,,,, as well as for nodes 1, 2, 3, and 4. 


m—l 


Applying energy conservation to a control volume about node 5, 


THT! « Ae. he HE 
hA(T.. — T?) + kA + GA === pA 
( i) Ax q D P 2 . At 
or 
. Ax)" 
re! = apo) 18+ BiT. | re | + (1 — 2Fo — 2Bi Fo)T? (2) 


Since the most restrictive stability criterion is associated with Equation 2, we select 
Fo from the requirement that 


Fo(1 + Bi) <= 


Nile 


336 


Chapter 5 = Transient Conduction 


Hence, with 
2 . 
Bi= h Ax _ 1100 W/m*: K (0.002 m) _ 0.0733 
k 30 W/m: K 
it follows that 
Fo = 0.466 
or 
2 ; x 10-2 my? 
ie Fo(Ax) - 0.466(2 X 10° m) <0.373s 


a ~~ 5X10 ms 
To be well within the stability limit, we select At = 0.3 s, which corresponds to 


_ 5X10 °m/s(0.3 s) 


= 0.375 
(2 X 10° m) 


Fo 


Substituting numerical values, including g = q, = 2 X 10’ W/m*, the nodal equations 
become 


TR*! = 0.375(2T? + 2.67) + 0.250T8 


TP*) =0.375(T? + TR + 2.67) + 0.250T? 


T3*) =0.375(T? + TR + 2.67) + 0.250T? 


T2*! =0.375(T) + TR + 2.67) + 0.2507? 


T?*! = 0.375(T? + TP + 2.67) + 0.2507? 


TP*! =0.750(T? + 19.67) + 0.19572 


To begin the marching solution, the initial temperature distribution must be known. This 
distribution is given by Equation 3.47, with g = q,. Obtaining T, = T; from Equation 3.51, 


10’ W/m? X 0.01 m 
1100 W/m?-K 


WL 
T;=T,, + | = 250°C 4 = 340.91°C 


it follows that 


2 
7)= 16.67( 1 — *) + 340.91°C 
Computed temperatures for the nodal points of interest are shown in the first row of the 
accompanying table. 

Using the finite-difference equations, the nodal temperatures may be sequentially cal- 
culated with a time increment of 0.3 s until the desired final time is reached. The results are 
illustrated in rows 2 through 6 of the table and may be contrasted with the new steady-state 
condition (row 7), which was obtained by using Equations 3.47 and 3.51 with g = qo: 
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Tabulated Nodal Temperatures 


p t(s) Ty T, T, T; T, Ts 

0 0 357.58 356.91 354.91 351.58 346.91 340.91 
1 0.3 358.08 357.41 355.41 352.08 347.41 341.41 
2, 0.6 358.58 357.91 355.91 352.58 347.91 341.88 
3 0.9 359.08 358.41 356.41 353.08 348.41 342.35 
4 1.2 359.58 358.91 356.91 353.58 348.89 342.82 
5 1:5 360.08 359.41 357.41 354.07 349.37 343.27 
oo co 465.15 463.82 459.82 453.15 443.82 431.82 
Comments: 

1. It is evident that, at 1.5 s, the wall is in the early stages of the transient process and that 
many additional calculations would have to be made to reach steady-state conditions 
with the finite-difference solution. The computation time could be reduced slightly by 
using the maximum allowable time increment (At = 0.373 s), but with some loss of 
accuracy. In the interest of maximizing accuracy, the time interval should be reduced 
until the computed results become independent of further reductions in Ar. 

Extending the finite-difference solution, the time required to achieve the new 
steady-state condition may be determined, with temperature histories computed for the 
midplane (0) and surface (5) nodes having the following forms: 

480 
465.1 
440 
431.8 
(Ss) 
= 400 
By 
360 
320 
100 200 300 400 
t (s) 
With steady-state temperatures of T) = 465.15°C and T; = 431.82°C, it is evident that the 
new equilibrium condition is reached within 250 s of the step change in operating power. 

2. This problem can be solved using Tools, Finite-Difference Equations, One-Dimensional, 
Transient in the Advanced section of IHT. The problem may also be solved using Finite- 
Element Heat Transfer (FEHT). 

as) 


9-10.2  Discretization of the Heat Equation: The Implicit Method 


In the explicit finite-difference scheme, the temperature of any node at t + Ar may be cal- 
culated from knowledge of temperatures at the same and neighboring nodes for the preced- 
ing time t. Hence determination of a nodal temperature at some time is independent of 
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temperatures at other nodes for the same time. Although the method offers computational 
convenience, it suffers from limitations on the selection of At. For a given space increment, 
the time interval must be compatible with stability requirements. Frequently, this dictates the 
use of extremely small values of Az, and a very large number of time intervals may be neces- 
sary to obtain a solution. 

A reduction in the amount of computation time may often be realized by employing an 
implicit, rather than explicit, finite-difference scheme. The implicit form of a finite-difference 
equation may be derived by using Equation 5.77 to approximate the time derivative, while 
evaluating all other temperatures at the new (p + 1) time, instead of the previous (p) time. 
Equation 5.77 is then considered to provide a backward-difference approximation to the 
time derivative. In contrast to Equation 5.78, the implicit form of the finite-difference equa- 
tion for the interior node of a two-dimensional system is then 


I en Pe Ee 2 
e At (Ax)? 
: Sea a0 i ae _ pe a 
(Ay)? (5.94) 
y 
Rearranging and assuming Ax = Ay, it follows that 
(ano “Pog Te aa le (5.95) 


From Equation 5.95 it is evident that the new temperature of the (m, n) node depends 
on the new temperatures of its adjoining nodes, which are, in general, unknown. Hence, to 
determine the unknown nodal temperatures at t + At, the corresponding nodal equations 
must be solved simultaneously. Such a solution may be effected by using Gauss-Seidel 
iteration or matrix inversion, as discussed in Section 4.5 and Appendix D. The marching 
solution would then involve simultaneously solving the nodal equations at each time 
t = At, 2At,..., until the desired final time was reached. 

Relative to the explicit method, the implicit formulation has the important advan- 
tage of being unconditionally stable. That is, the solution remains stable for all space 
and time intervals, in which case there are no restrictions on Ax and At. Since larger 
values of At may therefore be used with an implicit method, computation times may 
often be reduced, with little loss of accuracy. Nevertheless, to maximize accuracy, At 
should be sufficiently small to ensure that the results are independent of further reduc- 
tions in its value. 

The implicit form of a finite-difference equation may also be derived from the energy 
balance method. For the surface node of Figure 5.12, it is readily shown that 


(1 + 2Fo + 2Fo Bi)T?*! — 2Fo T?*' = 2Fo BiT,, + TP (5.96) 
For any interior node of Figure 5.12, it may also be shown that 


(+2hejl foe + 1) = 7s (5.97) 
Forms of the implicit finite-difference equation for other common geometries are 
presented in Table 5.3b. Each equation may be derived by applying the energy balance 
method. 
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EXAMPLE 5.12 


A thick slab of copper initially at a uniform temperature of 20°C is suddenly exposed to 
radiation at one surface such that the net heat flux is maintained at a constant value of 
3 X 10° W/m’. Using the explicit and implicit finite-difference techniques with a space 
increment of Ax = 75 mm, determine the temperature at the irradiated surface and at an 
interior point that is 150 mm from the surface after 2 min have elapsed. Compare the results 
with those obtained from an appropriate analytical solution. 


SOLUTION 


Known: Thick slab of copper, initially at a uniform temperature, is subjected to a con- 
stant net heat flux at one surface. 


Find: 
1. Using the explicit finite-difference method, determine temperatures at the surface and 
150 mm from the surface after an elapsed time of 2 min. 


2. Repeat the calculations using the implicit finite-difference method. 
3. Determine the same temperatures analytically. 


Schematic: 
qi =3 x 10° Wim? 
] I 
] I 
] I 
ol 1. 
] I 
—> |i <; 
qo ! V cond 
] I 
I I 
«>| Ax 
2 
Assumptions: 


1. One-dimensional conduction in x. 


2. For the analytical solution, the thick slab may be approximated as a semi-infinite 
medium with constant surface heat flux. For the finite-difference solutions, imple- 
mentation of the boundary condition T(x — ©) = T, will be discussed below in this 
example. 


3. Constant properties. 
Properties: Table A.1, copper (300 K): k = 401 W/m:K, @ = 117 X 10°° m/s. 


Analysis: 


1. An explicit form of the finite-difference equation for the surface node may be obtained 
by applying an energy balance to a control volume about the node. 

Ty —T6 Ax T5"'-T 

2 At 


gAt+kA 
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or 


re" = aro He ! rt) + (1 — 2Fo)TP 


The finite-difference equation for any interior node is given by Equation 5.81. Both the 
surface and interior nodes are governed by the stability criterion 


Fos 


Nile 


Noting that the finite-difference equations are simplified by choosing the maxi- 
mum allowable value of Fo, we select Fo = +. Hence 


(Ax? _ 1 (0.075 my 


At= Fi =245 
* 2117 X 10°°m’/s 
With 
pAx 3 X 10° W/m? (0.075 
a a OOP) = 56.1°C 
k 401 W/m: K 
the finite-difference equations become 
Thay + Th 
T= S6VC+T? and = Tht = BE 


for the surface and interior nodes, respectively. Performing the calculations, the results 
are tabulated as follows: 


Explicit Finite-Difference Solution for Fo = 5 


Pp t(s) Ty T; T; T3 T4 
0 0 20 20 20 20 20 

1 24 76.1 20 20 20 20 
2 48 76.1 48.1 20 20 20 

3 72 104.2 48.1 34.0 20 20 
4 96 69.1 34.0 27.0 20 

5 120 69.1 48.1 27.0 23.5 


After 2 min, the surface temperature and the desired interior temperature are Ty) = 
125.2°C and T, = 48.1°C. 

It can be seen from the explicit finite-difference solution that, with each successive 
time step, one more nodal temperature changes from its initial condition. For this reason, 
it is not necessary to formally implement the second boundary condition T(x > ©) = T. 
Also note that calculation of identical temperatures at successive times for the same node 
is an idiosyncrasy of using the maximum allowable value of Fo with the explicit finite- 
difference technique. The actual physical condition is, of course, one in which the temper- 
ature changes continuously with time. The idiosyncrasy is diminished and the accuracy of 
the calculations is improved by reducing the value of Fo. 
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To determine the extent to which the accuracy may be improved by reducing Fo, 
let us redo the calculations for Fo = 5 (At = 12s). The finite-difference equations are 
then of the form 


m 


1 


p+l — 1ymp 
T _ Dai 


4 


+ aay) ®, 


and the results of the calculations are tabulated as follows: 


Explicit Finite-Difference Solution for Fo = i 


Pp t(s) Ty T, T, T; T4 Ts Ts T;, Ts 

0 0 20 20 20 20 20 20 20 20 20 

1 12 48.1 20 20 20 20 20 20 20 20 

2 24 62.1 27.0 20 20 20 20 20 20 20 

3 36 72.6 34.0 21.8 20 20 20 20 20 20 

4 48 81.4 40.6 24.4 20.4 20 20 20 20 20 

5 60 89.0 46.7 27.5 21.3 20.1 20 20 20 20 

6 42; 95.9 52.5 30.7 22:5 20.4 20.0 20 20 20 

7 84 102.3 57.9 34.1 24.1 20.8 20.1 20.0 20 20 

8 96 108.1 63.1 37.6 25.8 21.5 20.3 20.0 20.0 20 

9 108 113.6 67.9 41.0 27.6 22.2 20.5 20.1 20.0 20.0 
10 120 118.8 72.6 (44.40 29.6 23.2 20.8 20.2 20.0 20.04 


After 2 min, the desired temperatures are Ty = 118.8°C and T, = 44.4°C. Comparing 
the above results with those obtained for Fo = 3, it is clear that by reducing Fo we 
have diminished the problem of recurring temperatures. We have also predicted 
greater thermal penetration (to node 6 instead of node 3). An assessment of the 
improvement in accuracy will be given later, by comparison with an exact solution. In 
the absence of an exact solution, the value of Fo could be successively reduced until 


the results became essentially independent of Fo. 


Performing an energy balance on a control volume about the surface node, the implicit 
form of the finite-difference equation is 


or 


(1 + 2Fo)T2*) — 2FoT?*! = 


Pp+l _ pptl 
Ty T = 


pt+l __ 7p 
T) T) 


q, tk 


Ax 


At 


2aq’, At 


k Ax 


Arbitrarily choosing Fo = 5 (At = 24s), it follows that 


20S 77 = 56.1 + 75 


+7? 
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From Equation 5.97, the finite-difference equation for any interior node is then of the 
form 


Petal IE ae 

In contrast to the explicit method, the implicit method requires the simultaneous 
solution of the nodal equations for all nodes at time p + 1. Hence, the number of 
nodes under consideration must be limited to some finite number, and a boundary con- 
dition must be applied at the last node. The number of nodes may be limited to those 
that are affected significantly by the change in boundary condition for the time of 
interest. From the results of the explicit method, it is evident that we are safe in choos- 
ing nine nodes corresponding to Ty, T,,..., Tg. We are thereby assuming that, at 
t = 120s, there has been no change in Ty, and the boundary condition is implemented 
numerically as Ty = 20°C. 

We now have a set of nine equations that must be solved simultaneously for each 
time increment. We can express the equations in the form [A][T] = [C], where 


fr 2-1 0 0 0 0 0 0 #0 
-1 4-1 0 0 0 0 0 #0 
0 -l 4 -1 0 0 0 0 0 
0 oO -1 4 -1 0 0 0 0 
[AJ= | 0 0 OO -1 4 -1 0 0 0 
0 oO oO O60 -1 4 -1 0 0 
0 oO oO O60 O -1 4 -1 0 
0 oO oO 0 0 06 -1 4 =1 
| Oo 0 0 060 0 0 0 -1 44 
[56.1+75 | 
aT? 
2T? 
a7? 
[C] = | 277 
ore 
py 
ore 
| 273+ 73"" | 


Note that numerical values for the components of [C] are determined from previous 
values of the nodal temperatures. Note also how the finite-difference equation for node 
8 appears in matrices [A] and [C], with 7} *! = 20°C, as indicated previously. 

A table of nodal temperatures may be compiled, beginning with the first row 
(p = 0) corresponding to the prescribed initial condition. To obtain nodal tempera- 
tures for subsequent times, the matrix equation must be solved. At each time step 
p + 1, [C] is updated using the previous time step (p) values. The process is carried 
out five times to determine the nodal temperatures at 120s. The desired temperatures 
are Ty = 114.7°C and T, = 44.2°C. 
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Implicit Finite-Difference Solution for Fo = 5 


P t(s) Ty T; T, T; T4 Ts Ts T; Ts 

0 0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 

1 24 52.4 28.7 223 20.6 20.2 20.0 20.0 20.0 20.0 

2 48 74.0 39.5 26.6 22.1 20.7 20.2 20.1 20.0 20.0 

3 72 90.2 50.3 32.0 24.4 21.6 20.6 20.2 20.1 20.0 

4 96 103.4 60.5 38.0 27.4 22.9 21.1 20.4 20.2 20.1 

> 120 ea 70.0 (44.2, 30.9 24.7 21:9 20.8 20.3 20.1 < 


3. Approximating the slab as a semi-infinite medium, the appropriate analytical expres- 
sion is given by Equation 5.62, which may be applied to any point in the slab. 


2q)(atl ar)" xe \_ qx x 
T(x, t) — T,= fe 
(x, f) ; k exp re erfc 3 Va 


At the surface, this expression yields 


2X3 xX 10° W/m? 
401 W/m: K 


T(O, 120s) — 20°C = (117 X 1076 m2/s X 120 s/ar)"? 


or 
T(O, 120s) = 120.0°C <q 
At the interior point (x = 0.15 m) 


2X3 xX 10° W/m? 


7(0.15 m, 120s) — 20°C = 401 W/m: K 


x (117 X 10 ° m/s * 120 5/7)" 


ee, (0.15 m)? | 
a 4X 117X 10° m/s X 120s 


3 X 10° W/m? X 0.15 m 
401 W/m: K 


0.15 m 
x11 —-—erf 
2V117 X 10-6 m/s X 120s 


T(0.15 m, 120 s) = 45.4°C <J 


Comments: 


1. Comparing the exact results with those obtained from the three approximate solutions, 
it is clear that the explicit method with Fo = provides the most accurate predictions. 


Method Ty = T(O, 120 s) T, = T(0.15 m, 120 s) 
Explicit (Fo = 5) 125.2 48.1 
Explicit (Fo = 3) 118.8 44.4 
Implicit (Fo = 5) 114.7 44.2 


Exact 120.0 45.4 
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This is not unexpected, since the corresponding value of At is 50% smaller than that 
used in the other two methods. Although computations are simplified by using the 
maximum allowable value of Fo in the explicit method, the accuracy of the results is 
seldom satisfactory. 


. The accuracy of the foregoing calculations is adversely affected by the coarse grid 


(Ax = 75 mm), as well as by the large time steps (At = 24 s, 12 s). Applying the implicit 
method with Ax = 18.75mm and At= 6s (Fo = 2.0), the solution yields Ty) = T(0, 
120s) = 119.2°C and T, = T(0.15 m, 120s) = 45.3°C, both of which are in good agree- 
ment with the exact solution. Complete temperature distributions may be plotted at any 
of the discrete times, and results obtained at t = 60 and 120s are as follows: 


120 


Implicit finite-difference 
100 solution (Ax = 18.75 mm, At = 6s) 


80 


T (°C) 


0 100 200 300 400 500 600 
x (mm) 


Note that, at t = 120s, the assumption of a semi-infinite medium would remain valid 
if the thickness of the slab exceeded approximately 500 mm. 


. Note that the coefficient matrix [A] is tridiagonal. That is, all elements are zero except 


those that are on, or to either side of, the main diagonal. Tridiagonal matrices are asso- 
ciated with one-dimensional conduction problems. 


. A more general radiative heating condition would be one in which the surface is suddenly 


exposed to large surroundings at an elevated temperature T,,, (Problem 5.126). The net 
rate at which radiation is transferred to the surface may then be calculated from Equation 
1.7. Allowing for convection heat transfer to the surface, application of conservation of 
energy to the surface node yields an explicit finite-difference equation of the form 


pa. Ae 75" = 
Ax ? 2 At 


eo[T.,. — (T)*] + A(T. — TR) +k 


sur 


Use of this finite-difference equation in a numerical solution is complicated by the fact 
that it is nonlinear. However, the equation may be linearized by introducing the radiation 
heat transfer coefficient h, defined by Equation 1.9, and the finite-difference equation is 


i ee ee ie 
p—c 
Ax 2 At 


T 
A(T, — Te) + h(T.. — Th) +k 


sur 
The solution may proceed in the usual manner, although the effect of a radiative 
Biot number (Bi, = h, Ax/k) must be included in the stability criterion, and the 
value of h, must be updated at each step in the calculations. If the implicit method 
is used, h, is calculated at p + 1, in which case an iterative calculation must be 
made at each time step. 
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5. This problem can be solved using Tools, Finite-Difference Equations, One-Dimensional, 
Transient in the Advanced section of IHT. This example is also included in FEHT as a 
solved model accessed through the Toolbar menu, Examples. The input screen summarizes 
key pre- and postprocessing steps, as well as results for nodal spacings of 1 and 0.125 mm. 
As an exercise, press Run to solve for the nodal temperatures, and in the View menu, select 
Temperature Contours to represent the temperature field in the form of isotherms. 


Dell Summary 


Transient conduction occurs in numerous engineering applications and may be treated 
using different methods. There is certainly much to be said for simplicity, in which case, 
when confronted with a transient problem, the first thing you should do is calculate the Biot 
number. If this number is much less than unity, you may use the lumped capacitance 
method to obtain accurate results with minimal computational requirements. However, if 
the Biot number is not much less than unity, spatial effects must be considered, and some 
other method must be used. Analytical results are available in convenient graphical and 
equation form for the plane wall, the infinite cylinder, the sphere, and the semi-infinite 
solid. You should know when and how to use these results. If geometrical complexities 
and/or the form of the boundary conditions preclude their use, recourse must be made to an 
approximate numerical technique, such as the finite-difference method. 

You may test your understanding of key concepts by addressing the following questions: 


¢ Under what conditions may the lumped capacitance method be used to predict the tran- 
sient response of a solid to a change in its thermal environment? 

¢ What is the physical interpretation of the Biot number? 

e Is the lumped capacitance method of analysis likely to be more applicable for a hot 
solid being cooled by forced convection in air or in water? By forced convection in air 
or natural convection in air? 

¢ Is the lumped capacitance method of analysis likely to be more applicable for cooling of 
a hot solid made of copper or aluminum? For silicon nitride or glass? 

e What parameters determine the time constant associated with the transient thermal response 
of a lumped capacitance solid? Is this response accelerated or decelerated by an increase in 
the convection coefficient? By an increase in the density or specific heat of the solid? 

¢ For one-dimensional, transient conduction in a plane wall, a long cylinder, or a sphere 
with surface convection, what dimensionless parameters may be used to simplify the 
representation of thermal conditions? How are these parameters defined? 

¢ Why is the semi-infinite solution applicable to any geometry at early times? 

¢ What is the physical interpretation of the Fourier number? 

¢ What requirement must be satisfied for use of a one-term approximation to determine 
the transient thermal response of a plane wall, a long cylinder, or a sphere experiencing 
one-dimensional conduction due to a change in surface conditions? At what stage of a 
transient process is the requirement not satisfied? 

¢ What does transient heating or cooling of a plane wall with equivalent convection con- 


ditions at opposite surfaces have in common with a plane wall heated or cooled by 
convection at one surface and well insulated at the other surface? 


346 


Chapter 5 = Transient Conduction 


¢ How may a one-term approximation be used to determine the transient thermal response of 
a plane wall, long cylinder, or sphere subjected to a sudden change in surface temperature? 


¢ For one-dimensional, transient conduction, what is implied by the idealization of a semi- 
infinite solid? Under what conditions may the idealization be applied to a plane wall? 


¢ What differentiates an explicit, finite-difference solution to a transient conduction prob- 


lem from an implicit solution? 


¢ What is meant by characterization of the implicit finite-difference method as uncondition- 
ally stable? What constraint is placed on the explicit method to ensure a stable solution? 
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Qualitative Considerations 


5.1 Consider a thin electrical heater attached to a plate and 
backed by insulation. Initially, the heater and plate are 
at the temperature of the ambient air, 7... Suddenly, the 
power to the heater is activated, yielding a constant heat 
flux q’, (W/m?) at the inner surface of the plate. 


Plate 


Insulation 


(a) Sketch and label, on T— x coordinates, the tempera- 
ture distributions: initial, steady-state, and at two 
intermediate times. 

(b) Sketch the heat flux at the outer surface g/(L, f) as a 
function of time. 


5.2 The inner surface of a plane wall is insulated while the 
outer surface is exposed to an airstream at T.,. The wall 


is at a uniform temperature corresponding to that of the 
airstream. Suddenly, a radiation heat source is switched 
on, applying a uniform flux g/ to the outer surface. 


q, fort >0 


Insulation —+ 


te 4 


(a) Sketch and label, on T—.x coordinates, the tempera- 
ture distributions: initial, steady-state, and at two 
intermediate times. 


(b) Sketch the heat flux at the outer surface q"'(L, ft) as a 
function of time. 


5.3 A microwave oven operates on the principle that appli- 
cation of a high-frequency field causes electrically 
polarized molecules in food to oscillate. The net effect is 
a nearly uniform generation of thermal energy within 
the food. Consider the process of cooking a slab of beef 
of thickness 2L in a microwave oven and compare it 
with cooking in a conventional oven, where each side of 


5.4 


a Problems 


the slab is heated by radiation. In each case the meat is 
to be heated from 0°C to a minimum temperature of 
90°C. Base your comparison on a sketch of the tempera- 
ture distribution at selected times for each of the cook- 
ing processes. In particular, consider the time f) at which 
heating is initiated, a time ¢, during the heating process, 
the time ¢, corresponding to the conclusion of heating, 
and a time f; well into the subsequent cooling process. 


A plate of thickness 2L, surface area A,, mass M, and 
specific heat c,, initially at a uniform temperature 7, is 
suddenly heated on both surfaces by a convection 
process (T.,, 4) for a period of time ¢,, following which 
the plate is insulated. Assume that the midplane tem- 
perature does not reach T,, within this period of time. 


(a) Assuming Bi > 1 for the heating process, sketch and 
label, on T—x coordinates, the following temperature 
distributions: initial, steady-state (t > %), T(x, t,), and 
at two intermediate times between ¢ = t, and t— %. 

(b) Sketch and label, on T—t coordinates, the midplane 
and exposed surface temperature distributions. 

(c) Repeat parts (a) and (b) assuming Bi < 1 for the plate. 

(d) Derive an expression for the steady-state tempera- 
ture T(x, ©) = T,, leaving your result in terms of 
plate parameters (M, c,), thermal conditions (7,, T.., 
h), the surface temperature 7(L, t), and the heating 
time f,. 


Lumped Capacitance Method 


5.5 


For each of the following cases, determine an appropri- 
ate characteristic length L. and the corresponding Biot 
number Bi that is associated with the transient thermal 
response of the solid object. State whether the lumped 
capacitance approximation is valid. If temperature infor- 
mation is not provided, evaluate properties at T = 300 K. 


(a) A toroidal shape of diameter D=50mm and 
cross-sectional area A. = 5mm” is of thermal 
conductivity k = 2.3W/m-K. The surface of the 
torus is exposed to a coolant corresponding to a 
convection coefficient of h = 50 W/m?:K. 


(b) A long, hot AISI 304 stainless steel bar of rectan- 
gular cross section has dimensions w = 3mm, 
W = 5mm, and L = 100 mm. The bar is subjected 
to a coolant that provides a heat transfer coefficient 
of h = 15 W/m’: K at all exposed surfaces. 


(c) A long extruded aluminum (Alloy 2024) tube of inner 
and outer dimensions w = 20mm and W = 24mm, 
respectively, is suddenly submerged in water, result- 
ing in a convection coefficient of h = 37 W/m?:K at 
the four exterior tube surfaces. The tube is plugged at 
both ends, trapping stagnant air inside the tube. 
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(d) An Z = 300-mm-long solid stainless steel rod of diam- 
eter D = 13 mm and mass M = 0.328 kg is exposed 
to a convection coefficient of h = 30 W/m*:K. 


(e) A solid sphere of diameter D = 12mm and 
thermal conductivity k = 120W/m:-K is  sus- 
pended in a large vacuum oven with internal wall 
temperatures of T,,, = 20°C. The initial sphere 
temperature is T; = 100°C, and its emissivity is 
é = 0.73. 


(f) A long cylindrical rod of diameter D = 20 mm, den- 
sity p = 2300 kg/m", specific heat cy = 1750 J/kg: K, 
and thermal conductivity k = 16 W/m: K is suddenly 
exposed to convective conditions with T,, = 20°C. 
The rod is initially at a uniform temperature of 
T, = 200°C and reaches a spatially averaged tempera- 
ture of T= 100°C att = 225s. 


(g) Repeat part (f) but now consider a rod diameter of 
D = 200 mm. 


Case (a) Case (b) 


Aluminum 
alloy 


Case (c) Case (d) 


Case (e) 


Cases (f,2) 
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Steel balls 12 mm in diameter are annealed by heating to 
1150 K and then slowly cooling to 400 K in an air envi- 
ronment for which T., = 325K and h=20W/m?:K. 
Assuming the properties of the steel to be k = 40 W/m: K, 
p = 7800 kg/m*, and c = 600 J/kg:K, estimate the time 
required for the cooling process. 


Consider the steel balls of Problem 5.6, except now the 
air temperature increases with time as T.,(t) = 325 K + 
at, where a = 0.1875 K/s. 


(a) Sketch the ball temperature versus time for 0 = 
t = Lh. Also show the ambient temperature, T,,, in 
your graph. Explain special features of the ball 
temperature behavior. 


(b) Find an expression for the ball temperature as a 
function of time 7(f), and plot the ball temperature 
for 0 =f = 1h. Was your sketch correct? 


The heat transfer coefficient for air flowing over a sphere 
is to be determined by observing the temperature-time 
history of a sphere fabricated from pure copper. The 
sphere, which is 12.7 mm in diameter, is at 66°C before it 
is inserted into an airstream having a temperature of 
27°C. A thermocouple on the outer surface of the sphere 
indicates 55°C 69s after the sphere is inserted into the 
airstream. Assume and then justify that the sphere 
behaves as a spacewise isothermal object and calculate 
the heat transfer coefficient. 


A solid steel sphere (AISI 1010), 300 mm in diameter, 
is coated with a dielectric material layer of thickness 
2mm and thermal conductivity 0.04W/m-K. The 
coated sphere is initially at a uniform temperature of 
500°C and is suddenly quenched in a large oil bath for 
which T,, = 100°C and h = 3300 W/m?:K. Estimate 
the time required for the coated sphere temperature to 
reach 140°C. Hint: Neglect the effect of energy storage 
in the dielectric material, since its thermal capacitance 
(pcV) is small compared to that of the steel sphere. 


A flaked cereal is of thickness 2L = 1.2 mm. The density, 
specific heat, and thermal conductivity of the flake are 
p = 700keg/m’, c, = 2400 J/kg: K, and k = 0.34 W/m:K, 
respectively. The product is to be baked by increasing its 
temperature from T; = 20°C to T; = 220°C in a convec- 
tion oven, through which the product is carried on a con- 
veyor. If the oven is L, = 3 m long and the convection 
heat transfer coefficient at the product surface and oven 
air temperature are h = 55 W/m?-K and T., = 300°C, 
respectively, determine the required conveyor velocity, 
V. An engineer suggests that if the flake thickness is 
reduced to 2L = 1.0mm the conveyor velocity can be 
increased, resulting in higher productivity. Determine 
the required conveyor velocity for the thinner flake. 


——-» h= 55 W/m2-K 


—— T= 300°C 
—_ 


2L=1.2 mm 


Cereal product 


5.11 


5.12 


Gas 
Ugh 


The base plate of an iron has a thickness of L = 7mm 
and is made from an aluminum alloy (9 = 2800 kg/m’, 
c = 900 J/kg-K, k = 180 W/m: K, ¢ = 0.80). An electric 
resistance heater is attached to the inner surface of the 
plate, while the outer surface is exposed to ambient air 
and large surroundings at T,, = T,,, = 25°C. The areas of 
both the inner and outer surfaces are A, = 0.040 m’. 


LSumounliies, Yee 


Air 
iT. 


co? 


Baseplate 
(p, ¢, ky, dh ty As) 


If an approximately uniform heat flux of gj = 1.25 x 
10‘ W/m? is applied to the inner surface of the base 
plate and the convection coefficient at the outer surface 
is h = 10 W/m’K, estimate the time required for the 
plate to reach a temperature of 135°C. Hint: Numerical 
integration is suggested in order to solve the problem. 


Thermal energy storage systems commonly involve a 
packed bed of solid spheres, through which a hot gas 
flows if the system is being charged, or a cold gas if it is 
being discharged. In a charging process, heat transfer 
from the hot gas increases thermal energy stored within 
the colder spheres; during discharge, the stored energy 
decreases as heat is transferred from the warmer 
spheres to the cooler gas. 


Sphere 
Packed bed (p, c, k, T;) 


|e 


5.13 


5.14 


a Problems 


Consider a packed bed of 75-mm-diameter alumi- 
num spheres (p = 2700 kg/m®, c = 950 J/kg: K, k = 
240 W/m: K) and a charging process for which gas 
enters the storage unit at a temperature of T, ; = 300°C. 
If the initial temperature of the spheres is T; = 25°C 
and the convection coefficient is h = 75 W/m? K, how 
long does it take a sphere near the inlet of the system to 
accumulate 90% of the maximum possible thermal 
energy? What is the corresponding temperature at the 
center of the sphere? Is there any advantage to using 
copper instead of aluminum? 


A tool used for fabricating semiconductor devices 
consists of a chuck (thick metallic, cylindrical disk) 
onto which a very thin silicon wafer (9 = 2700 kg/m’, 
c = 875 J/kg-K, k= 177W/m:K) is placed by a 
robotic arm. Once in position, an electric field in the 
chuck is energized, creating an electrostatic force that 
holds the wafer firmly to the chuck. To ensure a repro- 
ducible thermal contact resistance between the chuck 
and the wafer from cycle to cycle, pressurized helium 
gas is introduced at the center of the chuck and flows 
(very slowly) radially outward between the asperities of 
the interface region. 


Wafer, 7,,(¢), 
T,,(0) = T,, ; = 100°C 


w w, 


w = 0.758 mm 


i, Ai t 
Helium gas 
purge 


Interface region, 
greatly exaggerated 


Chuck, 7, = 23°C 


An experiment has been performed under conditions for 
which the wafer, initially at a uniform temperature 
T,,; = 100°C, is suddenly placed on the chuck, which is at 
a uniform and constant temperature T, = 23°C. With the 
wafer in place, the electrostatic force and the helium gas 
flow are applied. After 15 s, the temperature of the wafer 
is determined to be 33°C. What is the thermal contact 
resistance R/. (m?+K/W) between the wafer and chuck? 
Will the value of R/,, increase, decrease, or remain the 
same if air, instead of helium, is used as the purge gas? 


A copper sheet of thickness 2L = 2 mm has an initial 
temperature of 7; = 118°C. It is suddenly quenched in 
liquid water, resulting in boiling at its two surfaces. 
For boiling, Newton’s law of cooling is expressed as 
q" =h(T, — T,4), where T, is the solid surface tem- 
perature and T,,, is the saturation temperature of the 
fluid (in this case T,, = 100°C). The convection 
heat transfer coefficient may be expressed as h = 
1010 W/m?-K°(T — T,,,)°. Determine the time needed 


5.15 


5.16 


Storage 
material 


lot gas 
Teale 


5.17 


349 


for the sheet to reach a temperature of T = 102°C. Plot 
the copper temperature versus time for0 = ¢ = 0.5s. 
On the same graph, plot the copper temperature history 
assuming the heat transfer coefficient is constant, eval- 


uated at the average copper temperature T= 100°C. 
Assume lumped capacitance behavior. 


Carbon steel (AISI 1010) shafts of 0.1-m diameter are 
heat treated in a gas-fired furnace whose gases are at 
1200K and provide a convection coefficient of 
100 W/m? K. If the shafts enter the furnace at 300 K, 
how long must they remain in the furnace to achieve a 
centerline temperature of 800 K? 


A thermal energy storage unit consists of a large rectan- 
gular channel, which is well insulated on its outer 
surface and encloses alternating layers of the storage 
material and the flow passage. 


Each layer of the storage material is an aluminum slab 
of width W = 0.05 m, which is at an initial temperature 
of 25°C. Consider conditions for which the storage unit 
is charged by passing a hot gas through the passages, 
with the gas temperature and the convection coefficient 
assumed to have constant values of T., = 600°C and 
h = 100 W/m*:K throughout the channel. How long 
will it take to achieve 75% of the maximum possible 
energy storage? What is the temperature of the alu- 
minum at this time? 


Small spherical particles of diameter D = 50 wm contain 
a fluorescent material that, when irradiated with white 
light, emits at a wavelength corresponding to the mater- 
ial’s temperature. Hence the color of the particle varies 
with its temperature. Because the small particles are neu- 
trally buoyant in liquid water, a researcher wishes to use 
them to measure instantaneous local water temperatures 
in a turbulent flow by observing their emitted color. 
If the particles are characterized by a density, specific 
heat, and thermal conductivity of p= 999kg/m’, 
k = 1.2 W/m°K, and c, = 1200 J/kg:K, respectively, 
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determine the time constant of the particles. Hint: Since 
the particles travel with the flow, heat transfer between 
the particle and the fluid occurs by conduction. Assume 
lumped capacitance behavior. 


5.18 A spherical vessel used as a reactor for producing 


pharmaceuticals has a 5-mm-thick stainless steel wall 
(k = 17 W/m-K) and an inner diameter of D; = 1.0m. 
During production, the vessel is filled with reactants for 
which p = 1100kg/m* and c = 2400 J/kg:K, while 
exothermic reactions release energy at a volumetric rate 
of g = 10* W/m’. As first approximations, the reactants 
may be assumed to be well stirred and the thermal 
capacitance of the vessel may be neglected. 


(a) The exterior surface of the vessel is exposed to 
ambient air (T,, = 25°C) for which a convection 
coefficient of h = 6 W/m?:K may be assumed. If 
the initial temperature of the reactants is 25°C, what 
is the temperature of the reactants after 5h of 
process time? What is the corresponding tempera- 
ture at the outer surface of the vessel? 


(b)| Explore the effect of varying the convection coeffi- 
cient on transient thermal conditions within the 
reactor. 


5.19 Batch processes are often used in chemical and pharma- 


ceutical operations to achieve a desired chemical 
composition for the final product and typically involve 
a transient heating operation to take the product from 
room temperature to the desired process temperature. 
Consider a situation for which a chemical of density 
p = 1200 kg/m’ and specific heat c = 2200 J/kg-K occu- 
pies a volume of V = 2.25 m? in an insulated vessel. The 
chemical is to be heated from room temperature, 
T, = 300K, to a process temperature of T= 450K by 
passing saturated steam at 7, = 500 K through a coiled, 
thin-walled, 20-mm-diameter tube in the vessel. Steam 
condensation within the tube maintains an interior con- 
vection coefficient of h; = 10,000 W/m?-K, while the 
highly agitated liquid in the stirred vessel maintains an 
outside convection coefficient of h, = 2000 W/m?:K. 


Coiled tubing 
(D, L, hj, hg) 


Stirred liquid 
(7), V, PG 


Containment vessel 


5.20 


5.21 


Gold 
substrate 


If the chemical is to be heated from 300 to 450K in 
60 min, what is the required length L of the submerged 
tubing? 


An electronic device, such as a power transistor mounted 
on a finned heat sink, can be modeled as a spatially 
isothermal object with internal heat generation and an 
external convection resistance. 


(a) Consider such a system of mass M, specific heat c, 
and surface area A,, which is initially in equilib- 
rium with the environment at T,,. Suddenly, the 
electronic device is energized such that a constant 
heat generation E,(W) occurs. Show that the tem- 
perature response of the device is 

0 t 
~ °°(-z) 

where 0 = T — T(%) and 7() is the steady-state 

temperature corresponding to t > ©; 0; = T; — T(™); 

T; = initial temperature of device; R = thermal 

resistance 1/hA,; and C = thermal capacitance Mc. 


(b) An electronic device, which generates 60 W of 
heat, is mounted on an aluminum heat sink weigh- 
ing 0.31 kg and reaches a temperature of 100°C in 
ambient air at 20°C under steady-state conditions. 
If the device is initially at 20°C, what temperature 


will it reach 5 min after the power is switched on? 


Molecular electronics is an emerging field associated with 
computing and data storage utilizing energy transfer at the 
molecular scale. At this scale, thermal energy is associ- 
ated exclusively with the vibration of molecular chains. 
The primary resistance to energy transfer in these pro- 
posed devices is the contact resistance at metal-molecule 
interfaces. To measure the contact resistance, individual 
molecules are self-assembled in a regular pattern onto a 
very thin gold substrate. The substrate is suddenly heated 
by a short pulse of laser irradiation, simultaneously trans- 
ferring thermal energy to the molecules. The molecules 
vibrate rapidly in their “hot” state, and their vibrational 
intensity can be measured by detecting the randomness of 
the electric field produced by the molecule tips, as indi- 
cated by the dashed, circular lines in the schematic. 


Rapidly vibrating 
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molecules 
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Molecules that are of density p = 180 kg/m? and spe- 
cific heat c, = 3000 J/kg-K have an initial, relaxed 
length of L =2nm. The intensity of the molecular 
vibration increases exponentially from an initial value of 
I, to a steady-state value of /,, > J; with the time constant 
associated with the exponential response being 
T,=Sps. Assuming the intensity of the molecular 
vibration represents temperature on the molecular scale 
and that each molecule can be viewed as a cylinder of 
initial length L and cross-sectional area A, determine the 
thermal contact resistance, R/,., at the metal—molecule 
interface. 


A plane wall of a furnace is fabricated from plain carbon 
steel (k = 60 W/mK, p = 7850 kg/m*, c = 430 J/kg: K) 
and is of thickness L = 10mm. To protect it from the 
corrosive effects of the furnace combustion gases, one 
surface of the wall is coated with a thin ceramic film 
that, for a unit surface area, has a thermal resistance of 

7, = 0.01 m*-K/W. The opposite surface is well insu- 
lated from the surroundings. 


Carbon steel, 
pc, k, T; 


Ceramic film, 
Rie 


Furnace 


gases 
1a, ) 


ol 


At furnace start-up the wall is at an initial temperature 
of T,; = 300K, and combustion gases at T,, = 1300 K 
enter the furnace, providing a convection coefficient of 
h = 25 W/m*:K at the ceramic film. Assuming the 
film to have negligible thermal capacitance, how long 
will it take for the inner surface of the steel to achieve 
a temperature of T,; = 1200 K? What is the tempera- 
ture T,,, of the exposed surface of the ceramic film at 
this time? 


A steel strip of thickness 6 = 12mm is annealed by 
passing it through a large furnace whose walls are 
maintained at a temperature T,, corresponding to that of 
combustion gases flowing through the furnace 
(T,, = T..). The strip, whose density, specific heat, ther- 
mal conductivity, and emissivity are p = 7900 kg/m’, 
c, = 640 J/kg-K, k = 30 W/m °K, and ¢ = 0.7, respec- 
tively, is to be heated from 300°C to 600°C. 
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(a) For a uniform convection coefficient of h= 
100 W/m?:K and T,, = T,, = 700°C, determine the 
time required to heat the strip. If the strip is moving 
at 0.5 m/s, how long must the furnace be? 


(b) The annealing process may be accelerated (the strip 
speed increased) by increasing the environmental 
temperatures. For the furnace length obtained in 
part (a), determine the strip speed for T,, = T., = 
850°C and T,, = T,, = 1000°C. For each set of envi- 
ronmental temperatures (700, 850, and 1000°C), 
plot the strip temperature as a function of time over 
the range 25°C = T = 600°C. Over this range, also 
plot the radiation heat transfer coefficient, h,, as a 
function of time. 


5.24 In a material processing experiment conducted aboard 


the space shuttle, a coated niobium sphere of 10-mm 
diameter is removed from a furnace at 900°C and 
cooled to a temperature of 300°C. Although properties 
of the niobium vary over this temperature range, con- 
stant values may be assumed to a reasonable approxi- 
mation, with p = 8600 kg/m*, c = 290 J/kg-K, and k = 
63 W/m: K. 


(a) If cooling is implemented in a large evacuated 
chamber whose walls are at 25°C, determine the 
time required to reach the final temperature if the 
coating is polished and has an emissivity of ¢ = 0.1. 
How long would it take if the coating is oxidized 
and ¢ = 0.6? 


(b) To reduce the time required for cooling, considera- 
tion is given to immersion of the sphere in an 
inert gas stream for which T., = 25°C and h= 
200 W/m?:K. Neglecting radiation, what is the 
time required for cooling? 


(c) Considering the effect of both radiation and con- 
vection, what is the time required for cooling if 
h = 200 W/m?:K and ¢ = 0.6? Explore the effect 
on the cooling time of independently varying h 
and e. 
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5.25 Plasma spray-coating processes are often used to pro- 
vide surface protection for materials exposed to hostile 
environments, which induce degradation through fac- 
tors such as wear, corrosion, or outright thermal failure. 
Ceramic coatings are commonly used for this purpose. 
By injecting ceramic powder through the nozzle 
(anode) of a plasma torch, the particles are entrained by 
the plasma jet, within which they are then accelerated 
and heated. 


Plasma gas 


}— Cathode 


Particle -—— Nozzle (anode) 
injection 


Electric 
arc 


Plasma jet with entrained 
ceramic particles (T.., h) 


Ceramic coating 


Substrate 


During their time-in-flight, the ceramic particles must 
be heated to their melting point and experience com- 
plete conversion to the liquid state. The coating is 
formed as the molten droplets impinge (splat) on the 
substrate material and experience rapid solidification. 
Consider conditions for which spherical alumina 
(ALO) particles of diameter D, = 50 zm, density p, = 
3970 kg/m*, thermal conductivity k, = 10.5 Wim-K, 
and specific heat c, = 1560 J/kg-K are injected into an 
arc plasma, which is at T,, = 10,000 K and provides a 
coefficient of h = 30,000 W/m?-K for convective heat- 
ing of the particles. The melting point and latent heat of 
fusion of alumina are T,,,, = 2318 K and hy = 3577 kJ/kg, 
respectively. 


(a) Neglecting radiation, obtain an expression for the 
time-in-flight, t;_,, required to heat a particle from 
its initial temperature 7; to its melting point T,,,, 
and, once at the melting point, for the particle to 
experience complete melting. Evaluate 1, for 
T,; = 300 K and the prescribed heating conditions. 


(b) Assuming alumina to have an emissivity of ¢, = 0.4 
and the particles to exchange radiation with large 
surroundings at T,,, = 300K, assess the validity of 
neglecting radiation. 


5.26 


5.27 


The plasma spray-coating process of Problem 5.25 can 
be used to produce nanostructured ceramic coatings. 
Such coatings are characterized by low thermal conduc- 
tivity, which is desirable in applications where the coat- 
ing serves to protect the substrate from hot gases such 
as in a gas turbine engine. One method to produce a 
nanostructured coating involves spraying spherical 
particles, each of which is composed of agglomerated 
Al,O3 nanoscale granules. To form the coating, parti- 
cles of diameter D, = 50 wm must be partially molten 
when they strike the surface, with the liquid Al,O,; 
providing a means to adhere the ceramic material to 
the surface, and the unmelted AI,O,; providing the 
many grain boundaries that give the coating its low 
thermal conductivity. The boundaries between individ- 
ual granules scatter phonons and reduce the thermal 
conductivity of the ceramic particle to k, = 5 W/m:K. 
The density of the porous particle is reduced to 
p = 3800 kg/m’. All other properties and conditions are 
as specified in Problem 5.25. 


(a) Determine the time-in-flight corresponding to 30% 
of the particle mass being melted. 


(b) Determine the time-in-flight corresponding to the 
particle being 70% melted. 


(c) If the particle is traveling at a velocity V = 35 m/s, 
determine the standoff distances between the noz- 
zle and the substrate associated with your answers 
in parts (a) and (b). 


A chip that is of length L = 5mm on a side and thick- 
ness t = | mm is encased in a ceramic substrate, and its 
exposed surface is convectively cooled by a dielectric 
liquid for which h = 150 W/m?:K and T,, = 20°C. 


In the off-mode the chip is in thermal equilibrium with 
the coolant (7; = T,..). When the chip is energized, how- 
ever, its temperature increases until a new steady state 
is established. For purposes of analysis, the energized 
chip is characterized by uniform volumetric heating 
with g =9 X 10° W/m*. Assuming an infinite contact 
resistance between the chip and substrate and negligible 
conduction resistance within the chip, determine the 
steady-state chip temperature 7; Following activation 
of the chip, how long does it take to come within 1°C of 
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this temperature? The chip density and specific heat are 
p = 2000 kg/m? and c = 700 J/kg: K, respectively. 


Consider the conditions of Problem 5.27. In addition to 
treating heat transfer by convection directly from the 
chip to the coolant, a more realistic analysis would 
account for indirect transfer from the chip to the sub- 
strate and then from the substrate to the coolant. The 
total thermal resistance associated with this indirect 
route includes contributions due to the chip—substrate 
interface (a contact resistance), multidimensional 
conduction in the substrate, and convection from the 
surface of the substrate to the coolant. If this total ther- 
mal resistance is R, = 200 K/W, what is the steady- 
state chip temperature 7;? Following activation of the 
chip, how long does it take to come within 1°C of this 
temperature? 


A long wire of diameter D = 1 mm is submerged in an 
oil bath of temperature T,, = 25°C. The wire has an 
electrical resistance per unit length of R; = 0.01 O/m. 
If a current of J = 100 A flows through the wire and the 
convection coefficient is h = 500 W/m?-K, what is the 
steady-state temperature of the wire? From the time 
the current is applied, how long does it take for the wire 
to reach a temperature that is within 1°C of the steady- 
state value? The properties of the wire are p= 
8000 kg/m’, c = 500 J/kg: K, and k = 20 W/mK. 


Consider the system of Problem 5.1 where the tempera- 
ture of the plate is spacewise isothermal during the 
transient process. 


(a) Obtain an expression for the temperature of the 
plate as a function of time 7(f) in terms of g3, T.., h, 
L, and the plate properties p and c. 


Determine the thermal time constant and the 
steady-state temperature for a 12-mm-thick plate of 
pure copper when T., = 27°C, h = 50 W/m°*:K, 
and q’, = 5000 W/m”. Estimate the time required to 
reach steady-state conditions. 


(b) 


(c) 


For the conditions of part (b), as well as for 
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h = 100 and 200 W/m*:K, compute and plot the 
corresponding temperature histories of the plate for 
0=1r= 2500s. 


Shape memory alloys (SMAs) are metals that undergo 
a change in crystalline structure within a relatively nar- 
row temperature range. A phase transformation from 
martensite to austenite can induce relatively large 
changes in the overall dimensions of the SMA. Hence, 
SMAs can be employed as mechanical actuators. Con- 
sider an SMA rod that is initially D; = 2 mm in diame- 
ter, L; = 40 mm long, and at a uniform temperature of 
T,; = 320K. The specific heat of the SMA varies signif- 
icantly with changes in the crystalline phase, hence c 
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varies with the temperature of the material. For a 
particular SMA, this relationship is well described by 
c = 500 Jkg-K + 3630 Jkg+K X oe 0808 K 'XI7-336K) The 
density and thermal conductivity of the SMA material are 
p = 8900 kg/m? and k = 23 W/m: K, respectively. 

The SMA rod is exposed to a hot gas character- 
ized by T., = 350K, h = 250 W/m?-K. Plot the rod 
temperature versus time for 0 = t = 60s for the cases of 
variable and constant (c = 500 J/kg: K) specific heats. 
Determine the time needed for the rod temperature to 
experience 95% of its maximum temperature change. 
Hint: Neglect the change in the dimensions of the SMA 
rod when calculating the thermal response of the rod. 


Before being injected into a furnace, pulverized coal is 
preheated by passing it through a cylindrical tube 
whose surface is maintained at 7,,, = 1000°C. The coal 
pellets are suspended in an airflow and are known to 
move with a speed of 3 m/s. If the pellets may be 
approximated as spheres of 1-mm diameter and it may 
be assumed that they are heated by radiation transfer 
from the tube surface, how long must the tube be to 
heat coal entering at 25°C to a temperature of 600°C? Is 
the use of the lumped capacitance method justified? 


As noted in Problem 5.3, microwave ovens operate by 
rapidly aligning and reversing water molecules within 
the food, resulting in volumetric energy generation and, 
in turn, cooking of the food. When the food is initially 
frozen, however, the water molecules do not readily 
oscillate in response to the microwaves, and the volu- 
metric generation rates are between one and two orders 
of magnitude lower than if the water were in liquid 
form. (Microwave power that is not absorbed in the 
food is reflected back to the microwave generator, 
where it must be dissipated in the form of heat to pre- 
vent damage to the generator.) 


(a) Consider a frozen, 1-kg spherical piece of ground 
beef at an initial temperature of T; = —20°C placed 
in a microwave oven with T., = 30°C and h= 
15 W/m?:K. Determine how long it will take the 
beef to reach a uniform temperature of T = 0°C, 
with all the water in the form of ice. Assume the 
properties of the beef are the same as ice, and 
assume 3% of the oven power (P = 1 kW total) is 


absorbed in the food. 
(b) After all the ice is converted to liquid, determine 
how long it will take to heat the beef to 7; = 80°C 
if 95% of the oven power is absorbed in the food. 
Assume the properties of the beef are the same as 
liquid water. 
(c) When thawing food in microwave ovens, one may 
observe that some of the food may still be frozen 


while other parts of the food are overcooked. 
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Explain why this occurs. Explain why most 
microwave ovens have thaw cycles that are associ- 
ated with very low oven powers. 


A metal sphere of diameter D, which is at a uniform 
temperature T,, is suddenly removed from a furnace and 
suspended from a fine wire in a large room with air at a 
uniform temperature T,, and the surrounding walls at 
a temperature T,,,. 


(a) Neglecting heat transfer by radiation, obtain an 
expression for the time required to cool the sphere 
to some temperature T. 


(b) Neglecting heat transfer by convection, obtain an 
expression for the time required to cool the sphere 


to the temperature T. 


(c) How would you go about determining the time 
required for the sphere to cool to the temperature T 
if both convection and radiation are of the same 


order of magnitude? 


(d) 


Consider an anodized aluminum sphere (¢ = 0.75) 
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50 mm in diameter, which is at an initial tempera- 
ture of T,; = 800K. Both the air and surroundings 
are at 300K, and the convection coefficient is 
10 W/m?-K. For the conditions of parts (a), (b), 
and (c), determine the time required for the sphere 
to cool to 400K. Plot the corresponding tempera- 
ture histories. Repeat the calculations for a polished 
aluminum sphere (¢ = 0.1). 


A horizontal structure consists of an Ly, = 10-mm-thick 
layer of copper and an Lg = 10-mm-thick layer of alu- 
minum. The bottom surface of the composite structure 
receives a heat flux of g” = 100 kW/m’, while the top 
surface is exposed to convective conditions character- 
ized by h = 40 W/m?-K, T., = 25°C. The initial tem- 
perature of both materials is T;,4 = T;3 = 25°C, and a 
contact resistance of R”, = 400 X 107° m*: K/W exists 
at the interface between the two materials. 


(a) Determine the times at which the copper and alu- 
minum each reach a temperature of T; = 90°C. The 
copper layer is on the bottom. 


(b) Repeat part (a) with the copper layer on the top. 


Hint: Modify Equation 5.15 to include a term associ- 
ated with heat transfer across the contact resistance. 
Apply the modified form of Equation 5.15 to each of 
the two slabs. See Comment 3 of Example 5.2. 


As permanent space stations increase in size, there is an 
attendant increase in the amount of electrical power 
they dissipate. To keep station compartment tempera- 
tures from exceeding prescribed limits, it is necessary 
to transfer the dissipated heat to space. A novel heat 
rejection scheme that has been proposed for this 


purpose is termed a Liquid Droplet Radiator (LDR). 
The heat is first transferred to a high vacuum oil, which 
is then injected into outer space as a stream of small 
droplets. The stream is allowed to traverse a distance L, 
over which it cools by radiating energy to outer space at 
absolute zero temperature. The droplets are then col- 
lected and routed back to the space station. 
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Consider conditions for which droplets of emissivity 
€ = 0.95 and diameter D = 0.5 mm are injected at a tem- 
perature of 7, = 500K and a velocity of V=0.1 m/s. 
Properties of the oil are p = 885 kg/m’, c = 1900 J/kg: K, 
and k = 0.145 W/m: K. Assuming each drop to radiate to 
deep space at T,,,= OK, determine the distance L 
required for the droplets to impact the collector at a final 
temperature of T; = 300 K. What is the amount of thermal 
energy rejected by each droplet? 


Thin film coatings characterized by high resistance to 
abrasion and fracture may be formed by using microscale 
composite particles in a plasma spraying process. A 
spherical particle typically consists of a ceramic core, 
such as tungsten carbide (WC), and a metallic shell, such 
as cobalt (Co). The ceramic provides the thin film coat- 
ing with its desired hardness at elevated temperatures, 
while the metal serves to coalesce the particles on the 
coated surface and to inhibit crack formation. In the 
plasma spraying process, the particles are injected into a 
plasma gas jet that heats them to a temperature above the 
melting point of the metallic casing and melts the casing 
before the particles impact the surface. 

Consider spherical particles comprised of a WC 
core of diameter D; = 16 wm, which is encased in a Co 
shell of outer diameter D, = 20 wm. If the particles 
flow in a plasma gas at T,, = 10,000 K and the coeffi- 
cient associated with convection from the gas to the 
particles is h = 20,000 W/m?:K, how long does it 
take to heat the particles from an initial temperature 
of 7;=300K to the melting point of cobalt, 
Tp = 1770K? The density and specific heat of WC 
(the core of the particle) are p, = 16,000kg/m* and 
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c, = 300 J/kg-K, while the corresponding values for 
Co (the outer shell) are p,=8900kg/m* and 
c, = 750 J/kg-K. Once having reached the melting 
point, how much additional time is required to com- 
pletely melt the cobalt if its latent heat of fusion is 
hy = 2.59 X 10° J/kg? You may use the lumped capac- 
itance method of analysis and neglect radiation 
exchange between the particle and its surroundings. 


A long, highly polished aluminum rod of diameter 
D = 35 mm is hung horizontally in a large room. The 
initial rod temperature is T; = 90°C, and the room air 
is T,, = 20°C. At time t, = 1250s, the rod temperature is 
T, = 65°C, and, at time tf = 6700s, the rod tempera- 
ture is T, = 30°C. Determine the values of the con- 
stants C and n that appear in Equation 5.26. Plot the rod 
temperature versus time for 0 = ¢ = 10,000s. On the 
same graph, plot the rod temperature versus time for a 
constant value of the convection heat transfer coeffi- 
cient, evaluated at a rod temperature of T = (T; + T,,)/2. 
For all cases, evaluate properties at T = (T; + T,,)/2. 


Thermal stress testing is a common procedure used to 
assess the reliability of an electronic package. Typi- 
cally, thermal stresses are induced in soldered or wired 
connections to reveal mechanisms that could cause 
failure and must therefore be corrected before the prod- 
uct is released. As an example of the procedure, 
consider an array of silicon chips (pz, = 2300 kg/m’, 
Cn = 710 J/kg-K) joined to an alumina substrate 
(py, = 4000 kg/m, cy, = 770 J/kg: K) by solder balls 
(Psa = 11,000 kg/m*, cy = 130 J/kg+K). Each chip of 
width L., and thickness t,, is joined to a unit substrate 
section of width Ly, and thickness t,, by solder balls of 
diameter D. 


ee + Ln ——>| fh ge — pe 

Pech» Cch) + Fluid 
Solder ball <— Th 
(D, Psd» Coq) i. 


Substrate 
(Psbr €sb) 


A thermal stress test begins by subjecting the multichip 
module, which is initially at room temperature, to a hot 
fluid stream and subsequently cooling the module by 
exposing it to a cold fluid stream. The process is 
repeated for a prescribed number of cycles to assess the 
integrity of the soldered connections. 


(a) As a first approximation, assume that there is 
negligible heat transfer between the components 
(chip/solder/substrate) of the module and_ that 
the thermal response of each component may be 
determined from a lumped capacitance analysis 
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involving the same convection coefficient h. 
Assuming no reduction in surface area due to con- 
tact between a solder ball and the chip or substrate, 
obtain expressions for the thermal time constant of 
each component. Heat transfer is to all surfaces of a 
chip, but to only the top surface of the substrate. 
Evaluate the three time constants for L,, = 15 mm, 
te, = 2mm, Ly, = 25mm, ty = 10mm, D = 2mm, 
and a value of h = 50 W/m?:K, which is character- 
istic of an airstream. Compute and plot the temper- 
ature histories of the three components for the 
heating portion of a cycle, with 7, = 20°C and 
T.,. = 80°C. At what time does each component expe- 
rience 99% of its maximum possible temperature rise, 
that is, (T — T)KT.. — T;) = 0.99? If the maximum 
stress on a solder ball corresponds to the maximum 
difference between its temperature and that of the 
chip or substrate, when will this maximum occur? 


(b) To reduce the time required to complete a stress 
test, a dielectric liquid could be used in lieu of air 
to provide a larger convection coefficient of 
h = 200 W/m? K. What is the corresponding sav- 
ings in time for each component to achieve 99% of 


its maximum possible temperature rise? 


The objective of this problem is to develop thermal 
models for estimating the steady-state temperature and 
the transient temperature history of the electrical trans- 
former shown. 


The external transformer geometry is approximately 
cubical, with a length of 32 mm to a side. The com- 
bined mass of the iron and copper in the transformer is 
0.28kg, and its weighted-average specific heat is 
400 J/kg-K. The transformer dissipates 4.0 W and is 
operating in ambient air at T,, = 20°C, with a convec- 
tion coefficient of 10 W/m*:K. List and justify the 
assumptions made in your analysis, and discuss limita- 
tions of the models. 


(a) Beginning with a properly defined control volume, 
develop a model for estimating the steady-state 
temperature of the transformer, 7(%). Evaluate 
T() for the prescribed operating conditions. 
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(b) Develop a model for estimating the thermal 
response (temperature history) of the transformer if 
it is initially at a temperature of T; = T,, and power 
is suddenly applied. Determine the time required 
for the transformer to come within 5°C of its 
steady-state operating temperature. 


In thermomechanical data storage, a processing head, 
consisting of M heated cantilevers, is used to write data 
onto an underlying polymer storage medium. Electrical 
resistance heaters are microfabricated onto each can- 
tilever, which continually travel over the surface of the 
medium. The resistance heaters are turned on and off 
by controlling electrical current to each cantilever. As a 
cantilever goes through a complete heating and cooling 
cycle, the underlying polymer is softened, and one bit 
of data is written in the form of a surface pit in the 
polymer. A track of individual data bits (pits), each sep- 
arated by approximately 50 nm, can be fabricated. Mul- 
tiple tracks of bits, also separated by approximately 
50 nm, are subsequently fabricated into the surface of 
the storage medium. Consider a single cantilever that is 
fabricated primarily of silicon with a mass of 
50 X 107'’ kg and a surface area of 600 X 107! m?. The 
cantilever is initially at T; = T,, = 300K, and the heat 
transfer coefficient between the cantilever and the 
ambient is 200 < 10° W/m?:K. 


Heat on i 


Written bits 


Heat off 
—_———_ 
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(a) Determine the ohmic heating required to raise the 
cantilever temperature to T= 1000K within a 
heating time of ¢, = 1 ys. Hint: See Problem 5.20. 


(b) Find the time required to cool the cantilever from 
1000 K to 400K (¢,) and the thermal processing 
time required for one complete heating and cooling 
cycle, t, = t) + t.. 

(c) Determine how many bits (V) can be written onto a 
1 mm X | mm polymer storage medium. If M = 100 
cantilevers are ganged onto a single processing 
head, determine the total thermal processing time 


needed to write the data. 


The melting of water initially at the fusion temperature, 
T; = 0°C, was considered in Example 1.6. Freezing of 
water often occurs at 0°C. However, pure liquids that 


undergo a cooling process can remain in a supercooled 
liquid state well below their equilibrium freezing tem- 
perature, 7), particularly when the liquid is not in con- 
tact with any solid material. Droplets of liquid water in 
the atmosphere have a supercooled freezing tempera- 
ture, T;,., that can be well correlated to the droplet 
diameter by the expression T;,. = —28 + 0.87 In(D,) 
in the diameter range 10°’ < D,< 10°? m, where Tye 
has units of degrees Celsius and D, is expressed in units 
of meters. For a droplet of diameter D = 50 wm and 
initial temperature T; = 10°C subject to ambient condi- 
tions of T,, = —40°C and h = 900 W/m’: K, compare 
the time needed to completely solidify the droplet for 
case A, when the droplet solidifies at T; = 0°C, and 
case B, when the droplet starts to freeze at T;,.. Sketch 
the temperature histories from the initial time to the 
time when the droplets are completely solid. Hint: 
When the droplet reaches 7;,. in case B, rapid solidifi- 
cation occurs during which the latent energy released 
by the freezing water is absorbed by the remaining liq- 
uid in the drop. As soon as any ice is formed within the 
droplet, the remaining liquid is in contact with a solid 
(the ice) and the freezing temperature immediately 
shifts from T;,. to T, = 0°C. 


One-Dimensional Conduction: 


The Plane Wall 


5.43 


5.44 


Consider the series solution, Equation 5.42, for the 
plane wall with convection. Calculate midplane 
(x* = 0) and surface (x* = 1) temperatures 6* for 
Fo = 0.1 and 1, using Bi = 0.1, 1, and 10. Consider 
only the first four eigenvalues. Based on these results, 
discuss the validity of the approximate solutions, Equa- 
tions 5.43 and 5.44. 


Consider the one-dimensional wall shown in the sketch, 
which is initially at a uniform temperature T; and is sud- 
denly subjected to the convection boundary condition 


with a fluid at T,,. 
= 


Wall, T(x, 0) = T;, 
k, @ 


Th 


h 


Li» x L 


For a particular wall, case 1, the temperature at x = L, 
after t; = 100s is T\(L;, t,) = 315°C. Another wall, 
case 2, has different thickness and thermal conditions 
as shown. 


a Problems 


Case (m) 


L a k T, Ts, h 
(m?7/s) (W/mK) (°C) (°C) (Wim? - K) 


1 
2 


0.10 15x 10° 
0.40 25x 10° 


50 
100 


300 400 
30 20 


200 
100 
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How long will it take for the second wall to reach 28.5°C 
at the position x = L,? Use as the basis for analysis, the 
dimensionless functional dependence for the transient 
temperature distribution expressed in Equation 5.41. 


Copper-coated, epoxy-filled fiberglass circuit boards 
are treated by heating a stack of them under high 
pressure, as shown in the sketch. The purpose of the 
pressing—heating operation is to cure the epoxy that 
bonds the fiberglass sheets, imparting stiffness to the 
boards. The stack, referred to as a book, is comprised of 
10 boards and 11 pressing plates, which prevent epoxy 
from flowing between the boards and impart a smooth 
finish to the cured boards. In order to perform simpli- 
fied thermal analyses, it is reasonable to approximate 
the book as having an effective thermal conductivity (k) 
and an effective thermal capacitance (pc,). Calculate 
the effective properties if each of the boards and 
plates has a thickness of 2.36mm and the following 
thermophysical properties: board (b) p, = 1000 kg/m’, 
Cy» = 1500 J/kg: K, k, = 0.30 W/m:K; plate (p) p, = 
8000 kg/m’, c,,, = 480 J/kg-K, k, = 12 Wim: K. 


“P 


Applied force 


fry y 4 


;—Platens with 
circulating fluid 


;— Metal pressing 
plate 


a board 
Platen 


Circuit boards are treated by heating a stack of them 
under high pressure, as illustrated in Problem 5.45. The 
platens at the top and bottom of the stack are main- 
tained at a uniform temperature by a circulating fluid. 
The purpose of the pressing—heating operation is to 
cure the epoxy, which bonds the fiberglass sheets, and 
impart stiffness to the boards. The cure condition is 
achieved when the epoxy has been maintained at or 
above 170°C for at least 5 min. The effective thermo- 
physical properties of the stack or book (boards 
and metal pressing plates) are k = 0.613 W/m-K and 
pc, = 2.73 X 10° J/m*:K. 


(a) If the book is initially at 15°C and, following appli- 
cation of pressure, the platens are suddenly brought 
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to a uniform temperature of 190°C, calculate the 
elapsed time f, required for the midplane of the 
book to reach the cure temperature of 170°C. 
(b) If, at this instant of time, t = f,, the platen tempera- 
ture were reduced suddenly to 15°C, how much 
energy would have to be removed from the book by 
the coolant circulating in the platen, in order to 
return the stack to its initial uniform temperature? 


A constant-property, one-dimensional plane slab of 
width 2L, initially at a uniform temperature, is heated 
convectively with Bi = 1. 


(a) Ata dimensionless time of Fo,, heating is suddenly 
stopped, and the slab of material is quickly covered 
with insulation. Sketch the dimensionless surface 
and midplane temperatures of the slab as a function 
of dimensionless time over the range 0 < Fo < ©, 
By changing the duration of heating to Fo,, the 
steady-state midplane temperature can be set equal 
to the midplane temperature at Fo. Is the value of 
Foy equal to, greater than, or less than Fo,? Hint: 
Assume both Fo, and Fo, are greater than 0.2. 

(b) Letting Fo, = Fo, + AFo, derive an analytical 

expression for AFo, and evaluate AFo for the con- 

ditions of part (a). 

Evaluate AFo for Bi = 0.01, 0.1, 10, 100, and © 

when Fo, and Fo, are both greater than 0.2. 


(c) 


Referring to the semiconductor processing tool of 
Problem 5.13, it is desired at some point in the manu- 
facturing cycle to cool the chuck, which is made of 
aluminum alloy 2024. The proposed cooling scheme 
passes air at 20°C between the air-supply head and the 
chuck surface. 


| Air supply, 20°C 


Cooling head 


— Exit air 
Chuck 


Heater coil 


i (deactivated) 


Insulation 


(a) If the chuck is initially at a uniform temperature of 
100°C, calculate the time required for its lower 
surface to reach 25°C, assuming a uniform convec- 
tion coefficient of 50 W/m?:K at the head—chuck 
interface. 


(b) 


Generate a plot of the time-to-cool as a function 
of the convection coefficient for the range 
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10 = h = 2000 W/m’: K. If the lower limit repre- 
sents a free convection condition without any head 
present, comment on the effectiveness of the head 
design as a method for cooling the chuck. 


Annealing is a process by which steel is reheated and 
then cooled to make it less brittle. Consider the reheat 
stage for a 100-mm-thick steel plate (9 = 7830 kg/m’, 
c = 550 J/kg: K, k = 48 W/m-K), which is initially at a 
uniform temperature of T; = 200°C and is to be heated 
to a minimum temperature of 550°C. Heating is 
effected in a gas-fired furnace, where products of com- 
bustion at T,, = 800°C maintain a convection coeffi- 
cient of h = 250 W/m’: K on both surfaces of the plate. 
How long should the plate be left in the furnace? 


Consider an acrylic sheet of thickness L = 5 mm that is 
used to coat a hot, isothermal metal substrate at 
T, = 300°C. The properties of the acrylic are p = 
1990 kg/m’, c = 1470 J/kg:K, and k = 0.21 W/m:K. 
Neglecting the thermal contact resistance between the 
acrylic and the metal substrate, determine how long it 
will take for the insulated back side of the acrylic to 
reach its softening temperature, T,,, = 90°C. The initial 
acrylic temperature is T; = 20°C. 


The 150-mm-thick wall of a gas-fired furnace is con- 
structed of fireclay brick (k = 1.5 W/m-K, p = 2600 
kg/m’, c, = 1000 J/kg: K) and is well insulated at its 
outer surface. The wall is at a uniform initial tempera- 
ture of 20°C, when the burners are fired and the inner 
surface is exposed to products of combustion for which 
T.. = 950°C and h = 100 W/m?:K. 


(a) How long does it take for the outer surface of the 
wall to reach a temperature of 750°C? 


(b)| Plot the temperature distribution in the wall at the 
foregoing time, as well as at several intermediate 
times. 


Steel is sequentially heated and cooled (annealed) to 
relieve stresses and to make it less brittle. Consider a 
100-mm-thick plate (k = 45 W/m-K, p = 7800 kg/m’, 
c, = 500 J/kg: K) that is initially at a uniform tempera- 
ture of 300°C and is heated (on both sides) in a 
gas-fired furnace for which T,, = 700°C andh = 
500 W/m*:K. How long will it take for a minimum 
temperature of 550°C to be reached in the plate? 


Stone mix concrete slabs are used to absorb thermal 
energy from flowing air that is carried from a large con- 
centrating solar collector. The slabs are heated during 
the day and release their heat to cooler air at night. If the 
daytime airflow is characterized by a temperature and 
convection heat transfer coefficient of T,, = 200°C 
and h = 35 W/m*:K, respectively, determine the slab 


From 
solar 


collector 
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thickness 2L required to transfer a total amount of 
energy such that Q/Q, = 0.90 over a t = 8-h period. 
The initial concrete temperature is T; = 40°C. 


a — Th 
> — 
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— Th 2L 
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A plate of thickness 2L = 25 mm at a temperature of 
600°C is removed from a hot pressing operation and 
must be cooled rapidly to achieve the required physical 
properties. The process engineer plans to use air jets to 
control the rate of cooling, but she is uncertain whether 
it is necessary to cool both sides (case 1) or only one 
side (case 2) of the plate. The concern is not just for the 
time-to-cool, but also for the maximum temperature 
difference within the plate. If this temperature differ- 
ence is too large, the plate can experience significant 


warping. 
Case 2: cooling, one side only 


T(x, 0) = T; 


qs 
qB I, hg 


Tx, 0) =T; 


dl 
qi 


}+— 2, —>| 


The air supply is at 25°C, and the convection coefficient 
on the surface is 400 W/m’: K. The thermophysical prop- 
erties of the plate are p = 3000 kg/m’, c = 750 J/kg: K, 
and k = 15 W/m: K. 

(a) Using the JHT software, calculate and plot on one 
graph the temperature histories for cases 1 and 2 
for a 500-s cooling period. Compare the times 
required for the maximum temperature in the plate 
to reach 100°C. Assume no heat loss from the 


unexposed surface of case 2. 


(b) For both cases, calculate and plot on one graph the 
variation with time of the maximum temperature 
difference in the plate. Comment on the relative 
magnitudes of the temperature gradients within the 


plate as a function of time. 


During transient operation, the steel nozzle of a rocket 
engine must not exceed a maximum allowable operating 


Concrete slabs 
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temperature of 1500 K when exposed to combustion 
gases characterized by a temperature of 2300 K and a 
convection coefficient of 5000 W/m*:K. To extend the 
duration of engine operation, it is proposed that a 
ceramic thermal barrier coating (k = 10W/m-K, 
a = 6 X 10°°m’/s) be applied to the interior surface of 
the nozzle. 


(a) If the ceramic coating is 10 mm thick and at an ini- 
tial temperature of 300 K, obtain a conservative 
estimate of the maximum allowable duration of 
engine operation. The nozzle radius is much larger 
than the combined wall and coating thickness. 


(b) 


Compute and plot the inner and outer surface tem- 


peratures of the coating as a function of time for 
0 =f = 150s. Repeat the calculations for a coating 
thickness of 40 mm. 


Two plates of the same material and thickness L are at 
different initial temperatures T;, and T,,, where T, > T;,. 
Their faces are suddenly brought into contact. The 
external surfaces of the two plates are insulated. 


(a) Let a dimensionless temperature be defined as 
T* (Fo) = (T-T,,)M( T;2 — T,,). Neglecting the ther- 
mal contact resistance at the interface between the 
plates, what are the steady-state dimensionless tem- 
peratures of each of the two plates, T%, and T%,? 
What is the dimensionless interface temperature 
Ti, at any time? 

An effective overall heat transfer coefficient 
between the two plates can be defined based on the 
instantaneous, spatially averaged dimensionless 
plate temperatures, U%=q*/(T$ — T*). Noting 
that a dimensionless heat transfer rate to or from 
either of the two plates may be expressed as 
q* = d(Q/Q,)/dFo, determine an expression for Uz; 
for Fo > 0.2. 


(b) 


In a tempering process, glass plate, which is initially at 
a uniform temperature 7,, is cooled by suddenly reduc- 
ing the temperature of both surfaces to T,. The plate is 
20 mm thick, and the glass has a thermal diffusivity of 
6 X 10°’ m’/s. 


(a) How long will it take for the midplane temperature 
to achieve 50% of its maximum possible tempera- 
ture reduction? 


(b) If (7; — T,) = 300°C, what is the maximum tem- 
perature gradient in the glass at the time calculated 
in part (a)? 


The strength and stability of tires may be enhanced by 
heating both sides of the rubber (k = 0.14 W/m-K, 
a = 6.35 X 10 §m’/s) in a steam chamber for which 
T.. = 200°C. In the heating process, a 20-mm-thick 
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rubber wall (assumed to be untreaded) is taken from an 
initial temperature of 25°C to a midplane temperature 
of 150°C. 


(a) If steam flow over the tire surfaces maintains a 
convection coefficient of h = 200 W/m?-K, how 
long will it take to achieve the desired midplane 
temperature? 


(b) 


To accelerate the heating process, it is recom- 


mended that the steam flow be made sufficiently 
vigorous to maintain the tire surfaces at 200°C 
throughout the process. Compute and plot the mid- 
plane and surface temperatures for this case, as 
well as for the conditions of part (a). 


A plastic coating is applied to wood panels by first 
depositing molten polymer on a panel and then cool- 
ing the surface of the polymer by subjecting it to 
airflow at 25°C. As first approximations, the heat of 
reaction associated with solidification of the polymer 
may be neglected and the polymer/wood interface 
may be assumed to be adiabatic. 


—_ 
Plastic coating 
 - aie. 
L Saa=———— 
SS Wood panel 
See | 


————— 
——————— 


If the thickness of the coating is L = 2 mm and it has an 
initial uniform temperature of 7; = 200°C, how long 
will it take for the surface to achieve a safe-to-touch 
temperature of 42°C if the convection coefficient is 
h = 200 W/m*: K? What is the corresponding value of 
the interface temperature? The thermal conductivity 
and diffusivity of the plastic are k = 0.25 W/m:K and 
a = 1.20 X 107’ m’/s, respectively. 


One-Dimensional Conduction: 


5.60 


The Long Cylinder 


A long rod of 60-mm diameter and thermophysical 
properties p= 8000kg/m*, c=500J/kg-K, and 
k = 50 W/m: K is initially at a uniform temperature and 
is heated in a forced convection furnace maintained at 
750 K. The convection coefficient is estimated to be 
1000 W/m?: K. 


(a) What is the centerline temperature of the rod when 
the surface temperature is 550 K? 
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(b) 


In a heat-treating process, the centerline tempera- 
ture of the rod must be increased from T, = 300 K 
to T=500K. Compute and plot the centerline 
temperature histories for h= 100, 500, and 
1000 W/m’: K. In each case the calculation may be 
terminated when T = 500 K. 


5.61 A long cylinder of 30-mm diameter, initially at a uni- 


form temperature of 1000 K, is suddenly quenched in a 
large, constant-temperature oil bath at 350 K. The cylin- 
der properties are k = 1.7 W/m-K, c = 1600 J/kg: K, 
and p = 400 kg/m’, while the convection coefficient is 
50 W/m*: K. 


(a) Calculate the time required for the surface of the 
cylinder to reach 500 K. 


Compute and plot the surface temperature history 
for 0 = t = 300s. If the oil were agitated, provid- 
ing a convection coefficient of 250 W/m?:K, how 
would the temperature history change? 


(b) 


5.62 Work Problem 5.47 for a cylinder of radius r, and 


length L = 207,. 


5.63 A long pyroceram rod of diameter 20 mm is clad with a 


very thin metallic tube for mechanical protection. The 
bonding between the rod and the tube has a thermal 
contact resistance of R;. = 0.12 m-K/W. 


Thin metallic tube 


\ Ceramic rod 


Bonding interface 


D=20mm 


(a) If the rod is initially at a uniform temperature of 
900K and is suddenly cooled by exposure to 
an airstream for which T,,= 300K and h= 
100 W/m?- K, at what time will the centerline reach 
600 K? 


| (b)| Cooling may be accelerated by increasing the air- 
speed and hence the convection coefficient. For 
values of h = 100, 500, and 1000 W/m?-K, com- 
pute and plot the centerline and surface tempera- 
tures of the pyroceram as a function of time for 
0 =t= 300s. Comment on the implications of 
achieving enhanced cooling solely by increasing h. 


5.64 A long rod 40mm in diameter, fabricated from 


sapphire (aluminum oxide) and initially at a uniform 
temperature of 800K, is suddenly cooled by a fluid 
at 300K having a heat transfer coefficient of 
1600 W/m?: K. After 35 s, the rod is wrapped in insula- 
tion and experiences no heat losses. What will be the 
temperature of the rod after a long period of time? 
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A cylindrical stone mix concrete beam of diameter D = 
0.5m initially at T,= 20°C is exposed to hot gases at 
T.. = 500°C. The convection coefficient is h = 10 W/m*:K. 


(a) Determine the centerline temperature of the beam 
after an exposure time of f = 6h. 

(b) Determine the centerline temperature of a second 
beam that is of the same size and exposed to the same 
conditions as in part (a) but fabricated of lightweight 
aggregate concrete with density p = 1495 kg/m’, 
thermal conductivity k = 0.789 W/m: K, and specific 
heat c, = 880 J/kg: K. 


A long plastic rod of 30-mm diameter (k = 0.3 W/m: K 
and pc, = 1040 kJ/m*:K) is uniformly heated in an 
oven as preparation for a pressing operation. For best 
results, the temperature in the rod should not be less 
than 200°C. To what uniform temperature should the 
rod be heated in the oven if, for the worst case, the rod 
sits on a conveyor for 3 min while exposed to convec- 
tion cooling with ambient air at 25°C and with a con- 
vection coefficient of 8 W/m*:K? A further condition 
for good results is a maximum—minimum temperature 
difference of less than 10°C. Is this condition satisfied? 
If not, what could you do to satisfy it? 


As part of a heat treatment process, cylindrical, 304 
stainless steel rods of 100-mm diameter are cooled from 
an initial temperature of 500°C by suspending them in 
an oil bath at 30°C. If a convection coefficient of 
500 W/m?:K is maintained by circulation of the oil, 
how long does it take for the centerline of a rod to reach 
a temperature of 50°C, at which point it is withdrawn 
from the bath? If 10 rods of length L=1m are 
processed per hour, what is the nominal rate at which 
energy must be extracted from the bath (the cooling 
load)? 


In a manufacturing process, long rods of different 
diameters are at a uniform temperature of 400°C in a 
curing oven, from which they are removed and cooled 
by forced convection in air at 25°C. One of the line 
operators has observed that it takes 280 s for a 40-mm- 
diameter rod to cool to a safe-to-handle temperature of 
60°C. For an equivalent convection coefficient, how 
long will it take for an 80-mm-diameter rod to cool to 
the same temperature? The thermophysical properties 
of the rod are p = 2500kg/m*, c = 900 J/kg: K, and 
k=15W/m-K. Comment on your result. Did you 
anticipate this outcome? 


The density and specific heat of a particular material 
are known (p = 1200 kg/m’, c, = 1250 J/kg-K), but its 
thermal conductivity is unknown. To determine the 
thermal conductivity, a long cylindrical specimen of 
diameter D = 40 mm is machined, and a thermocouple 


Thermocouple 
leads 


a Problems 


is inserted through a small hole drilled along the 
centerline. 


Thermocouple junction 


Material of unknown 
thermal conductivity (p, c,, 7;) 


The thermal conductivity is determined by performing 
an experiment in which the specimen is heated to a uni- 
form temperature of 7; = 100°C and then cooled by 
passing air at T,, = 25°C in cross flow over the cylin- 
der. For the prescribed air velocity, the convection 
coefficient is h = 55 W/m’: K. 


(a) If a centerline temperature of 7T(0, t) = 40°C is 
recorded after t= 1136s of cooling, verify that 
the material has a thermal conductivity of 
k = 0.30 W/m: K. 


(b)| For air in cross flow over the cylinder, the pre- 
scribed value of h = 55 W/m?:K corresponds to a 
velocity of V = 6.8 m/s. If h = CV°°'8, where the 
constant C has units of W-s®°!®/m°!8- K, how does 
the centerline temperature at t = 1136s vary with 
velocity for 3 = V = 20 m/s? Determine the center- 
line temperature histories for 0 = f= 1500s and 
velocities of 3, 10, and 20 m/s. 


In Section 5.2 we noted that the value of the Biot 
number significantly influences the nature of the temper- 
ature distribution in a solid during a transient conduction 
process. Reinforce your understanding of this important 
concept by using the JHT model for one-dimensional 
transient conduction to determine radial temperature 
distributions in a 30-mm-diameter, stainless steel rod 
(k = 15 W/m: K, p = 8000 kg/m’, cy = 475 J/kg + K), as 
it is cooled from an initial uniform temperature of 325°C 
by a fluid at 25°C. For the following values of the con- 
vection coefficient and the designated times, determine 
the radial temperature distribution: h = 100 W/m?:K 
(t = 0, 100, 500s); h = 1000 W/m? K (t = 0, 10, 50s); 
h = 5000 W/m’: K (t = 0, 1, 5, 25s). Prepare a separate 
graph for each convection coefficient, on which tempera- 
ture is plotted as a function of dimensionless radius at the 
designated times. 


One-Dimensional Conduction: The Sphere 


5.71 


In heat treating to harden steel ball bearings 
(c = 500 J/kg: K, p = 7800 kg/m*, k = 50 W/m:K), it 
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is desirable to increase the surface temperature for a 
short time without significantly warming the interior of 
the ball. This type of heating can be accomplished by 
sudden immersion of the ball in a molten salt bath with 
T., = 1300 K and h = 5000 W/m? K. Assume that any 
location within the ball whose temperature exceeds 
1000 K will be hardened. Estimate the time required to 
harden the outer millimeter of a ball of diameter 
20 mm, if its initial temperature is 300 K. 


A cold air chamber is proposed for quenching steel ball 
bearings of diameter D = 0.2 m and initial temperature 
T; = 400°C. Air in the chamber is maintained at — 15°C 
by a refrigeration system, and the steel balls pass 
through the chamber on a conveyor belt. Optimum 
bearing production requires that 70% of the initial ther- 
mal energy content of the ball above —15°C be 
removed. Radiation effects may be neglected, and the 
convection heat transfer coefficient within the chamber 
is 1000 W/m*:K. Estimate the residence time of the 
balls within the chamber, and recommend a drive veloc- 
ity of the conveyor. The following properties may be 
used for the steel: k = 50 W/m-K, a = 2 X 10> m’/s, 
and c = 450 J/kg-K. 


\« 5m >| 
Ball Chamber 
bearing Cold air housing 
@ 
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A soda lime glass sphere of diameter D,; = 25 mm is 
encased in a bakelite spherical shell of thickness L = 
10mm. The composite sphere is initially at a uniform 
temperature, 7; = 40°C, and is exposed to a fluid at 
T.. = 10°C with h = 30 W/m’: K. Determine the center 
temperature of the glass at t = 200s. Neglect the ther- 
mal contact resistance at the interface between the two 
materials. 


Stainless steel (AISI 304) ball bearings, which have uni- 
formly been heated to 850°C, are hardened by quench- 
ing them in an oil bath that is maintained at 40°C. The 
ball diameter is 20 mm, and the convection coefficient 
associated with the oil bath is 1000 W/m? K. 


(a) If quenching is to occur until the surface tempera- 
ture of the balls reaches 100°C, how long must the 
balls be kept in the oil? What is the center tempera- 
ture at the conclusion of the cooling period? 


(b) If 10,000 balls are to be quenched per hour, what is 
the rate at which energy must be removed by the oil 
bath cooling system in order to maintain its temper- 


ature at 40°C? 
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5.75 A sphere 30mm in diameter initially at 800K is 
quenched in a large bath having a constant temperature 
of 320 K with a convection heat transfer coefficient of 
75 W/m*:K. The thermophysical properties of the 
sphere material are: p = 400 kg/m", c = 1600 J/kg-K, 
and k = 1.7 W/m:K. 


(a) Show, in a qualitative manner on T — ¢t coordinates, 
the temperatures at the center and at the surface of the 
sphere as a function of time. 


(b) Calculate the time required for the surface of the 
sphere to reach 415 K. 


(c) Determine the heat flux (W/m7”) at the outer surface 
of the sphere at the time determined in part (b). 


(d) Determine the energy (J) that has been lost by the 
sphere during the process of cooling to the surface 
temperature of 415 K. 


(e) At the time determined by part (b), the sphere is 
quickly removed from the bath and covered with 
perfect insulation, such that there is no heat loss 
from the surface of the sphere. What will be the 
temperature of the sphere after a long period of 
time has elapsed? 


Compute and plot the center and surface tempera- 
ture histories over the period 0 = tf = 150 s. What 
effect does an increase in the convection coefficient 
to h = 200 W/m’: K have on the foregoing temper- 
ature histories? For h = 75 and 200 W/m?-K, com- 
pute and plot the surface heat flux as a function of 
time for0 =r¢ = 150s. 


5.76 Work Problem 5.47 for the case of a sphere of radius r,. 


5.77 Spheres A and B are initially at 800 K, and they are 
simultaneously quenched in large constant temperature 
baths, each having a temperature of 320 K. The follow- 
ing parameters are associated with each of the spheres 
and their cooling processes. 


Sphere A Sphere B 
Diameter (mm) 300 30 
Density (kg/m) 1600 400 
Specific heat (kJ/kg - K) 0.400 1.60 
Thermal conductivity (W/m - K) 170 1.70 
Convection coefficient (W/m? - K) 5 50 


(a) Show in a qualitative manner, on T — ¢ coordinates, 
the temperatures at the center and at the surface for 
each sphere as a function of time. Briefly explain 
the reasoning by which you determine the relative 
positions of the curves. 


(b) Calculate the time required for the surface of each 
sphere to reach 415 K. 


(c) Determine the energy that has been gained by each 
of the baths during the process of the spheres cool- 
ing to 415 K. 


5.78 Spheres of 40-mm diameter heated to a uniform 
temperature of 400°C are suddenly removed from the 
oven and placed in a forced-air bath operating at 25°C 
with a convection coefficient of 300 W/m?:K on the 
sphere surfaces. The thermophysical properties of the 
sphere material are p = 3000 kg/m’, c = 850 J/kg: K, 
and k = 15 W/m:K. 


(a) How long must the spheres remain in the air bath 
for 80% of the thermal energy to be removed? 


(b) The spheres are then placed in a packing carton that 
prevents further heat transfer to the environment. 
What uniform temperature will the spheres eventu- 
ally reach? 


5.79 To determine which parts of a spider’s brain are trig- 
gered into neural activity in response to various optical 
stimuli, researchers at the University of Massachusetts 
Amherst desire to examine the brain as it is shown 
images that might evoke emotions such as fear or 
hunger. Consider a spider at T; = 20°C that is shown a 
frightful scene and is then immediately immersed in 
liquid nitrogen at T,, = 77 K. The brain is subsequently 
dissected in its frozen state and analyzed to determine 
which parts of the brain reacted to the stimulus. Using 
your knowledge of heat transfer, determine how much 
time elapses before the spider’s brain begins to freeze. 
Assume the brain is a sphere of diameter D, = 1 mm, 
centrally located in the spider’s cephalothorax, which 
may be approximated as a spherical shell of diameter 
D,= 3mm. The brain and cephalothorax properties 
correspond to those of liquid water. Neglect the effects 
of the latent heat of fusion and assume the heat transfer 
coefficient is h = 100 W/m?:K. 


5.80 Consider the packed bed operating conditions of 
Problem 5.12, but with Pyrex (p = 2225 kg/m’, 
c = 835 J/kg-K, k = 1.4 W/m-K) used instead of alu- 
minum. How long does it take a sphere near the inlet of 
the system to accumulate 90% of the maximum possi- 
ble thermal energy? What is the corresponding temper- 
ature at the center of the sphere? 


5.81 The convection coefficient for flow over a solid sphere 
may be determined by submerging the sphere, which is 
initially at 25°C, into the flow, which is at 75°C, and 
measuring its surface temperature at some time during 
the transient heating process. 


(a) If the sphere has a diameter of 0.1 m, a thermal con- 
ductivity of 15 W/m: K, and a thermal diffusivity of 
10° m°/s, at what time will a surface temperature 
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of 60°C be recorded if the convection coefficient is 
300 W/m? K? 


(b)| Assess the effect of thermal diffusivity on the ther- 


5.82 


mal response of the material by computing center 
and surface temperature histories for a = 10°°, 
107°, and 10~* m’/s. Plot your results for the period 
0 =r =300s. In a similar manner, assess the 
effect of thermal conductivity by considering val- 
ues of k = 1.5, 15, and 150 W/m-K. 


Consider the sphere of Example 5.6, which is initially 
at a uniform temperature when it is suddenly removed 
from the furnace and subjected to a two-step cooling 
process. Use the Transient Conduction, Sphere model 
of [HT to obtain the following solutions. 


(a) For step 1, calculate the time required for the center 
temperature to reach 7(0, t) = 335°C, while cool- 
ing in air at 20°C with a convection coefficient of 
10 W/m?: K. What is the Biot number for this cool- 
ing process? Do you expect radial temperature gra- 
dients to be appreciable? Compare your results to 
those of the example. 


(b) For step 2, calculate the time required for the center 
temperature to reach 7(0, f) = 50°C, while cooling 
in a water bath at 20°C with a convection coeffi- 


cient of 6000 W/m?: K. 
(c) 


For the step 2 cooling process, calculate and plot 
the temperature histories, T(r, t), for the center and 
surface of the sphere. Identify and explain key fea- 
tures of the histories. When do you expect the tem- 


perature gradients in the sphere to be the largest? 


Semi-Infinite Media 


5.83 


5.84 


Two large blocks of different materials, such as copper 
and concrete, have been sitting in a room (23°C) for a 
very long time. Which of the two blocks, if either, 
will feel colder to the touch? Assume the blocks to be 
semi-infinite solids and your hand to be at a tempera- 
ture of 37°C. 


A plane wall of thickness 0.6m (ZL = 0.3 m) is made of 
steel (k = 30 W/m: K, p = 7900 kg/m*, c = 640 J/kg: K). 
It is initially at a uniform temperature and is then 
exposed to air on both surfaces. Consider two different 
convection conditions: natural convection, characterized 
by h=10 W/m’-K, and forced convection, with 
h = 100 W/m?:K. You are to calculate the surface tem- 
perature at three different times—t = 2.5 min, 25 min, 
and 250 min—for a total of six different cases. 


(a) For each of these six cases, calculate the nondimen- 
sional surface temperature, 0* = (T, — T..)(T, — T..), 
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using four different methods: exact solution, first- 
term-of-the-series solution, lumped capacitance, and 
semi-infinite solid. Present your results in a table. 


(b) Briefly explain the conditions for which (1) the 
first-term solution is a good approximation to 
the exact solution, (ii) the lumped capacitance solu- 
tion is a good approximation, (iii) the semi-infinite 


solid solution is a good approximation. 


Asphalt pavement may achieve temperatures as high as 
50°C on a hot summer day. Assume that such a temper- 
ature exists throughout the pavement, when suddenly a 
rainstorm reduces the surface temperature to 20°C. Cal- 
culate the total amount of energy (J/m’) that will be 
transferred from the asphalt over a 30-min period in 
which the surface is maintained at 20°C. 


A thick steel slab (9 = 7800 kg/m", c = 480 J/kg: K, 
k = 50 W/m:K) is initially at 300°C and is cooled by 
water jets impinging on one of its surfaces. The temper- 
ature of the water is 25°C, and the jets maintain an 
extremely large, approximately uniform convection 
coefficient at the surface. Assuming that the surface is 
maintained at the temperature of the water throughout 
the cooling, how long will it take for the temperature to 
reach 50°C at a distance of 25 mm from the surface? 


A tile-iron consists of a massive plate maintained at 
150°C by an embedded electrical heater. The iron is 
placed in contact with a tile to soften the adhesive, 
allowing the tile to be easily lifted from the subflooring. 
The adhesive will soften sufficiently if heated above 
50°C for at least 2 min, but its temperature should not 
exceed 120°C to avoid deterioration of the adhesive. 
Assume the tile and subfloor to have an initial tempera- 
ture of 25°C and to have equivalent thermophysical 
properties of k= 0.15 W/m-K and pc, = 1.5 x 10° 
J/m?+K. 


-——Tile, 4—mm thickness 


*——-Subflooring 


(a) How long will it take a worker using the tile-iron to 
lift a tile? Will the adhesive temperature exceed 
120°C? 

(b) If the tile-iron has a square surface area 254 mm to 
the side, how much energy has been removed from 
it during the time it has taken to lift the tile? 


A simple procedure for measuring surface convection 
heat transfer coefficients involves coating the surface 
with a thin layer of material having a precise melting 
point temperature. The surface is then heated and, by 
determining the time required for melting to occur, the 
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convection coefficient is determined. The following 
experimental arrangement uses the procedure to deter- 
mine the convection coefficient for gas flow normal to a 
surface. Specifically, a long copper rod is encased in 
a super insulator of very low thermal conductivity, and a 
very thin coating is applied to its exposed surface. 


Surface coating 


Copper rod, 
k = 400 W/mK, a= 10“m/s 


Super insulator 


If the rod is initially at 25°C and gas flow for 
which h = 200 W/m?-K and T., = 300°C is initiated, 
what is the melting point temperature of the coating if 
melting is observed to occur at t = 400s? 


An insurance company has hired you as a consultant to 
improve their understanding of burn injuries. They are 
especially interested in injuries induced when a portion 
of a worker’s body comes into contact with machinery 
that is at elevated temperatures in the range of 50 to 
100°C. Their medical consultant informs them that irre- 
versible thermal injury (cell death) will occur in any 
living tissue that is maintained at T = 48°C for a dura- 
tion At= 10s. They want information concerning the 
extent of irreversible tissue damage (as measured by 
distance from the skin surface) as a function of the 
machinery temperature and the time during which con- 
tact is made between the skin and the machinery. 
Assume that living tissue has a normal temperature of 
37°C, is isotropic, and has constant properties equiva- 
lent to those of liquid water. 


(a) To assess the seriousness of the problem, compute 
locations in the tissue at which the temperature will 
reach 48°C after 10s of exposure to machinery at 
50°C and 100°C. 


(b) For a machinery temperature of 100°C and 
0 = t <= 30s, compute and plot temperature histories 
at tissue locations of 0.5, 1, and 2 mm from the skin. 


A procedure for determining the thermal conductivity 
of a solid material involves embedding a thermocouple 
in a thick slab of the solid and measuring the response 
to a prescribed change in temperature at one surface. 
Consider an arrangement for which the thermocouple 
is embedded 10mm from a surface that is suddenly 
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brought to a temperature of 100°C by exposure to boil- 
ing water. If the initial temperature of the slab was 
30°C and the thermocouple measures a temperature of 
65°C, 2 min after the surface is brought to 100°C, what 
is its thermal conductivity? The density and specific 
heat of the solid are known to be 2200kg/m? and 
700 J/kg + K. 


A very thick slab with thermal diffusivity 5.6 x 
10°°m*/s and thermal conductivity 20 W/m:K is ini- 
tially at a uniform temperature of 325°C. Suddenly, the 
surface is exposed to a coolant at 15°C for which the 
convection heat transfer coefficient is 100 W/m?: K. 


(a) Determine temperatures at the surface and at a 
depth of 45 mm after 3 min have elapsed. 


(b) 


Compute and plot temperature histories (0 = t = 


300s) at x = 0 and x = 45 mm for the following 
parametric variations: (i) @ = 5.6 X 10°’, 5.6 X 
10°°, and 5.6 X 10°° m’/s; and (ii) k = 2, 20, and 
200 W/m: K. 


A thick oak wall, initially at 25°C, is suddenly exposed 

to combustion products for which T,, = 800°C and 

h = 20 W/m’: K. 

(a) Determine the time of exposure required for the 
surface to reach the ignition temperature of 400°C. 


(b) 


Plot the temperature distribution 7(x) in the 


medium at ¢=325s. The distribution should 
extend to a location for which T ~ 25°C. 


Standards for firewalls may be based on their thermal 
response to a prescribed radiant heat flux. Consider a 
0.25-m-thick concrete wall (p = 2300 kg/m’, 
c = 880 J/kg: K, k = 1.4 W/m-K), which is at an initial 
temperature of 7, = 25°C and irradiated at one surface 
by lamps that provide a uniform heat flux of 
qi = 10* W/m’. The absorptivity of the surface to the 
irradiation is a, = 1.0. If building code requirements 
dictate that the temperatures of the irradiated and back 
surfaces must not exceed 325°C and 25°C, respec- 
tively, after 30 min of heating, will the requirements 
be met? 


It is well known that, although two materials are at the 
same temperature, one may feel cooler to the touch than 
the other. Consider thick plates of copper and glass, 
each at an initial temperature of 300 K. Assuming your 
finger to be at an initial temperature of 310K and to 
have thermophysical properties of p = 1000 kg/m’, 
c = 4180 J/kg-K, and k = 0.625 W/m-K, determine 
whether the copper or the glass will feel cooler to 
the touch. 


Two stainless steel plates (9 = 8000 kg/m*, c = 500 
J/kg-K, k= 15W/m-K), each 20mm _ thick and 
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insulated on one surface, are initially at 400 and 300 K 
when they are pressed together at their uninsulated sur- 
faces. What is the temperature of the insulated surface 
of the hot plate after 1 min has elapsed? 


Special coatings are often formed by depositing thin 
layers of a molten material on a solid substrate. Solidifi- 
cation begins at the substrate surface and proceeds until 
the thickness S of the solid layer becomes equal to the 
thickness 6 of the deposit. 


Liquid 
— 6 
D it 
ou -_-— | mae 810 
; Solid 
Substrate, 
k, a, 
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(a) Consider conditions for which molten material at 
its fusion temperature 7; is deposited on a large 
substrate that is at an initial uniform temperature 
T;. With S = 0 at t = 0, develop an expression for 
estimating the time t, required to completely 
solidify the deposit if it remains at 7; throughout 
the solidification process. Express your result in 
terms of the substrate thermal conductivity 
and thermal diffusivity (k,, a,), the density and 
latent heat of fusion of the deposit (p, h,,), the 
deposit thickness 6, and the relevant temperatures 
(Tp T). 

The plasma spray deposition process of Problem 
5.25 is used to apply a thin (6 = 2mm) alumina 
coating on a thick tungsten substrate. The substrate 
has a uniform initial temperature of 7; = 300 K, 
and its thermal conductivity and thermal diffusivity 
may be approximated as k, = 120W/m:-K and 
a, = 4.0 X 10°> m*/s, respectively. The density 
and latent heat of fusion of the alumina are 
p = 3970 kg/m? and hy = 3577 kJ/kg, respectively, 
and the alumina solidifies at its fusion temperature 
(T; = 2318 K). Assuming that the molten layer is 
instantaneously deposited on the substrate, estimate 
the time required for the deposit to solidify. 


(b) 


When a molten metal is cast in a mold that is a 
poor conductor, the dominant resistance to heat flow 
is within the mold wall. Consider conditions for 
which a liquid metal is solidifying in a thick-walled 
mold of thermal conductivity k,, and thermal diffusiv- 
ity a,,. The density and latent heat of fusion of the 
metal are designated as p and h,, respectively, and in 
both its molten and solid states, the thermal conduc- 
tivity of the metal is very much larger than that of 
the mold. 
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Solid metal 
Pr hyp 


see tn 


Mold wall 
Ky Gy 


Just before the start of solidification (S = 0), the mold 
wall is everywhere at an initial uniform temperature 7; 
and the molten metal is everywhere at its fusion (melt- 
ing point) temperature of 7; Following the start of 
solidification, there is conduction heat transfer into the 
mold wall and the thickness of the solidified metal S 
increases with time f. 


(a) Sketch the one-dimensional temperature distribu- 
tion, 7(x), in the mold wall and the metal at 
t= 0 and at two subsequent times during the 
solidification. Clearly indicate any underlying 
assumptions. 


(b) Obtain a relation for the variation of the solid layer 
thickness S with time ¢, expressing your result in 


terms of appropriate parameters of the system. 


Joints of high quality can be formed by friction welding. 
Consider the friction welding of two 40-mm-diameter 
Inconel rods. The bottom rod is stationary, while the 
top rod is forced into a back-and-forth linear motion 
characterized by an instantaneous horizontal dis- 
placement, d(t)=a cos(wt) where a= 2mm and 
w = 1000 rad/s. The coefficient of sliding friction 
between the two pieces is ys = 0.3. Determine the 
compressive force that must be applied to heat the joint 
to the Inconel melting point within t = 3s, starting 
from an initial temperature of 20°C. Hint: The fre- 
quency of the motion and resulting heat rate are very 
high. The temperature response can be approximated 
as if the heating rate were constant in time, equal to its 
average value. 


Top moving 
cylindrical rod 


Bottom stationary 
cylindrical rod 


D 
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Objects with Constant Surface Temperatures 
or Surface Heat Fluxes and Periodic Heating 


5.99 A rewritable optical disc (DVD) is formed by sand- 


DVD 
motion 


wiching a 15-nm-thick binary compound storage mater- 
ial between two 1-mm-thick polycarbonate sheets. Data 
are written to the opaque storage medium by irradiating 
it from below with a relatively high-powered laser 
beam of diameter 0.4 zm and power | mW, resulting in 
rapid heating of the compound material (the polycar- 
bonate is transparent to the laser irradiation). If the 
temperature of the storage medium exceeds 900 K, a 
noncrystalline, amorphous material forms at the heated 
spot when the laser irradiation is curtailed and the spot 
is allowed to cool rapidly. The resulting spots of amor- 
phous material have a different reflectivity from the sur- 
rounding crystalline material, so they can subsequently 
be read by irradiating them with a second, low-power 
laser and detecting the changes in laser radiation trans- 
mitted through the entire DVD thickness. Determine the 
irradiation (write) time needed to raise the storage 
medium temperature from an initial value of 300 K to 
1000 K. The absorptivity of the storage medium is 0.8. 
The polycarbonate properties are p = 1200kg/m’, 
k = 0.21 W/mK, and c, = 1260 J/kg: K. 


Storage material 


Output 
voltage 
Time 


Detector 


Polycarbonate 


DVD 
thickness 


Write laser 
(on/off) 


Read laser 
(on) 


5.100 Ground source heat pumps operate by using the soil, 


rather than ambient air, as the heat source (or sink) for 
heating (or cooling) a building. A liquid transfers 
energy from (to) the soil by way of buried plastic tub- 
ing. The tubing is at a depth for which annual varia- 
tions in the temperature of the soil are much less than 
those of the ambient air. For example, at a location 
such as South Bend, Indiana, deep-ground tempera- 
tures may remain at approximately 11°C, while annual 
excursions in the ambient air temperature may range 
from —25°C to +37°C. Consider the tubing to be laid 
out in a closely spaced serpentine arrangement. 
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Heat pump Buried tubing 
Front view 
Heat pump Buried tubing 
Top view 


To what depth should the tubing be buried so that the 
soil can be viewed as an infinite medium at constant 
temperature over a 12-month period? Account for the 
periodic cooling (heating) of the soil due to both 
annual changes in ambient conditions and variations in 
heat pump operation from the winter heating to the 
summer cooling mode. 


To enable cooking a wider range of foods in microwave 
ovens, thin, metallic packaging materials have been 
developed that will readily absorb microwave energy. 
As the packaging material is heated by the microwaves, 
conduction simultaneously occurs from the hot packag- 
ing material to the cold food. Consider the spherical 
piece of frozen ground beef of Problem 5.33 that is now 
wrapped in the thin microwave-absorbing packaging 
material. Determine the time needed for the beef that is 
immediately adjacent to the packaging material to reach 
T = 0°C if 50% of the oven power (P = 1 kW total) is 
absorbed in the packaging material. 


Derive an expression for the ratio of the total energy 
transferred from the isothermal surface of an infinite 
cylinder to the interior of the cylinder, Q/Q,, that is 
valid for Fo < 0.2. Express your results in terms of 
the Fourier number Fo. 


The structural components of modern aircraft are com- 
monly fabricated of high-performance composite mate- 
rials. These materials are fabricated by impregnating 
mats of extremely strong fibers that are held within a 
form with an epoxy or thermoplastic liquid. After the 
liquid cures or cools, the resulting component is of 
extremely high strength and low weight. Periodically, 
these components must be inspected to ensure that the 
fiber mats and bonding material do not become delami- 
nated and, in turn, the component loses its airworthiness. 
One inspection method involves application of a 
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uniform, constant radiation heat flux to the surface being 
inspected. The thermal response of the surface is mea- 
sured with an infrared imaging system, which captures 
the emission from the surface and converts it to a color- 
coded map of the surface temperature distribution. Con- 
sider the case where a uniform flux of 5kW/m? is 
applied to the top skin of an airplane wing initially at 
20°C. The opposite side of the 15-mm-thick skin is adja- 
cent to stagnant air and can be treated as well insulated. 
The density and specific heat of the skin material are 
1200 kg/m? and 1200 J/kg-K, respectively. The effec- 
tive thermal conductivity of the intact skin material is 
k, = 1.6 W/m:K. Contact resistances develop internal to 
the structure as a result of delamination between the 
fiber mats and the bonding material, leading to a reduced 
effective thermal conductivity of k, = 1.1 W/m-K. 
Determine the surface temperature of the component 
after 10 and 100 s of irradiation for (i) an area where the 
material is structurally intact and (ii) an adjacent area 
where delamination has occurred within the wing. 


Bottom 


5.104 Consider the plane wall of thickness 2L, the infinite 


cylinder of radius r,, and the sphere of radius r,. Each 
configuration is subjected to a constant surface heat 
flux g/. Using the approximate solutions of Table 5.2b 
for Fo = 0.2, derive expressions for each of the three 
geometries for the quantity (T,...— T)M(T,,.— T;). In 
this expression, 7,.,; 1s the actual surface temperature 
as determined by the relations of Table 5.2b, and 
T,1, is the temperature associated with lumped capaci- 
tance behavior. Determine criteria associated with 
(Tyact— T)/ (Ty3¢- T;) = 1.1, that is, determine when 


act 
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the lumped capacitance approximation is accurate to 
within 10%. 


Problem 4.9 addressed radioactive wastes stored under- 
ground in a spherical container. Because of uncertainty 
in the thermal properties of the soil, it is desired to mea- 
sure the steady-state temperature using a test container 
(identical to the real container) that is equipped with 
internal electrical heaters. Estimate how long it will take 
the test container to come within 10°C of its steady-state 
value, assuming it is buried very far underground. Use 
the soil properties from Table A.3 in your analysis. 


Derive an expression for the ratio of the total energy 
transferred from the isothermal surface of a sphere to the 
interior of the sphere Q/Q, that is valid for Fo < 0.2. 
Express your result in terms of the Fourier number, Fo. 


Consider the experimental measurement of Example 
5.10. It is desired to measure the thermal conductivity 
of an extremely thin sample of the same nanostruc- 
tured material having the same length and width. To 
minimize experimental uncertainty, the experimenter 
wishes to keep the amplitude of the temperature 
response, AT, above a value of 0.1°C. What is the min- 
imum sample thickness that can be measured? Assume 
the properties of the thin sample and the magnitude of 
the applied heating rate are the same as those mea- 
sured and used in Example 5.10. 


Finite-Difference Equations: Derivations 


5.108 


5.109 


The stability criterion for the explicit method requires 
that the coefficient of the 7? term of the one-dimen- 
sional, finite-difference equation be zero or positive. 
Consider the situation for which the temperatures at the 
two neighboring nodes (T?,_,, T?,,) are 100°C while 
the center node (7?) is at 50°C. Show that for values of 


Fo> . the finite-difference equation will predict a value 
of T?*! that violates the second law of thermodynamics. 


A thin rod of diameter D is initially in equilibrium 
with its surroundings, a large vacuum enclosure at 
temperature T,,,. Suddenly an electrical current J (A) is 
passed through the rod having an electrical resistivity 
p. and emissivity ¢. Other pertinent thermophysical 
properties are identified in the sketch. Derive the tran- 
sient, finite-difference equation for node m. 
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A one-dimensional slab of thickness 2L is initially at a 
uniform temperature 7;. Suddenly, electric current is 
passed through the slab causing uniform volumetric 
heating gq (W/m). At the same time, both outer sur- 
faces (x = +L) are subjected to a convection process 
at T,, with a heat transfer coefficient h. 


oe 
be 
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Write the finite-difference equation expressing conser- 
vation of energy for node 0 located on the outer sur- 
face at x = —L. Rearrange your equation and identify 
any important dimensionless coefficients. 


Consider Problem 5.9 except now the combined vol- 

ume of the oil bath and the sphere is V,,, = 1 m*. The 

oil bath is well mixed and well insulated. 

(a) Assuming the quenching liquid’s properties are 
that of engine oil at 380 K, determine the steady- 
state temperature of the sphere. 


(b 


eS 


Derive explicit finite difference expressions for 
the sphere and oil bath temperatures as a func- 
tion of time using a single node each for the 
sphere and oil bath. Determine any stability 
requirements that might limit the size of the time 
step At. 


(c 


Ym 


Evaluate the sphere and oil bath temperatures 
after one time step using the explicit expressions 
of part (b) and time steps of 1000, 10,000, and 
20,000 s. 


(d)|Using an implicit formulation with At = 100s, 


determine the time needed for the coated sphere to 
reach 140°C. Compare your answer to the time 
associated with a large, well-insulated oil bath. 
Plot the sphere and oil temperatures as a function 
of time over the interval Oh = ¢ = 15h. Hint: See 
Comment 3 of Example 5.2. 


A plane wall (p = 4000kg/m*, c, = 500 J/kg: K, 
k = 10 W/m-K) of thickness L = 20 mm initially has 
a linear, steady-state temperature distribution with 
boundaries maintained at 7, = 0°C and T, = 100°C. 
Suddenly, an electric current is passed through the 
wall, causing uniform energy generation at a rate 
q = 2X 10’ W/m’. The boundary conditions 7, and T; 
remain fixed. 


T, =0°C 


Ty = 100°C 


2 
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(a) On T —x coordinates, sketch temperature distrib- 
utions for the following cases: (i) initial condi- 
tion (t = 0); (ii) steady-state conditions (t > °%), 
assuming that the maximum temperature in 
the wall exceeds T,; and (iii) for two intermedi- 
ate times. Label all important features of the 
distributions. 


(b) For the system of three nodal points shown 
schematically (1, m, 2), define an appropriate 
control volume for node m and, identifying all rel- 
evant processes, derive the corresponding finite- 
difference equation using either the explicit or 
implicit method. 


(c)| With a time increment of At = 5s, use the finite- 
difference method to obtain values of T,, for the 
first 45s of elapsed time. Determine the corre- 
sponding heat fluxes at the boundaries, that is, ¢7 


(0, 45 s) and q" (20 mm, 45 s). 


(d)|To determine the effect of mesh size, repeat your 


analysis using grids of 5 and 11 nodal points 
(Ax = 5.0 and 2.0 mm, respectively). 


5.113 A round solid cylinder made of a plastic material 


(a = 6 X 1077 m/s) is initially at a uniform tempera- 
ture of 20°C and is well insulated along its lateral sur- 
face and at one end. At time ¢ = 0, heat is applied to 
the left boundary causing Ty to increase linearly with 
time at a rate of 1°C/s. 


Px L=24mm 


(a) Using the explicit method with Fo = sy derive the 
finite-difference equations for nodes 1, 2, 3, and 4. 
(b) Format a table with headings of p, t(s), and the 


nodal temperatures T, to T,. Determine the surface 
temperature Ty) when T, = 35°C. 


5.114 Derive the explicit finite-difference equation for 


an interior node for three-dimensional transient 


t>0,g=2x 107 Wim? 
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conduction. Also determine the stability criterion. 
Assume constant properties and equal grid spacing in 
all three directions. 


Derive the transient, two-dimensional finite-difference 

equation for the temperature at nodal point 0 located 
on the boundary between two different materials. 

. 3 ar 3 Material A 
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Finite-Difference Solutions: 


One- 
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Dimensional Systems 


A wall 0.12m thick having a thermal diffusivity of 
1.5 X 10° m/s is initially at a uniform temperature of 
85°C. Suddenly one face is lowered to a temperature 
of 20°C, while the other face is perfectly insulated. 


(a) Using the explicit finite-difference technique with 
space and time increments of 30mm and 300s, 
respectively, determine the temperature distribu- 
tion at tf = 45 min. 


(b) With Ax = 30 mm and At = 300s, compute T(x, f) 
for 0 =t<+4,,, where f,, is the time required for 
the temperature at each nodal point to reach a 
value that is within 1°C of the steady-state temper- 
ature. Repeat the foregoing calculations for 
At = 75s. For each value of Ar, plot temperature 
histories for each face and the midplane. 


A molded plastic product (p = 1200kg/m*, c= 
1500 J/kg: K, k = 0.30 W/m: K) is cooled by exposing 
one surface to an array of air jets, while the opposite 
surface is well insulated. The product may be approxi- 
mated as a slab of thickness L = 60 mm, which is ini- 
tially at a uniform temperature of T; = 80°C. The air 
jets are at a temperature of T,, = 20°C and provide a 
uniform convection coefficient of h = 100 W/m’: K at 
the cooled surface. 


= 3] I |_| 
ge) ae 
nh) _. 
Plastic 
(Tj, P, ¢, k) 


Using a finite-difference solution with a space incre- 
ment of Ax = 6mm, determine temperatures at the 
cooled and insulated surfaces after 1h of exposure to 
the gas jets. 
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Consider a one-dimensional plane wall at a uniform 
initial temperature 7;. The wall is 10mm thick, and 
has a thermal diffusivity of a = 6 X 107’ m’/s. The 
left face is insulated, and suddenly the right face is 
lowered to a temperature 7, ,.. 


(a) Using the implicit finite-difference technique with 
Ax = 2mm and At = 2s, determine how long it 
will take for the temperature at the left face T,, to 
achieve 50% of its maximum possible temperature 
reduction. 


(b 


YS 


At the time determined in part (a), the right face is 
suddenly returned to the initial temperature. Deter- 
mine how long it will take for the temperature at 
the left face to recover to a 20% temperature 
reduction, that is, T;— T,, = 0.2(7;- T,,,). 


The plane wall of Problem 2.60 (k =50W/m:K, 
a= 1.5 X 10°° m’/s) has a thickness of L = 40mm 
and an initial uniform temperature of T, = 25°C. Sud- 
denly, the boundary at x = L experiences heating by a 
fluid for which T,,= 50°C and h= 1000 Wim’-K, 
while heat is uniformly generated within the wall at 
gq =1X 10’ W/m*. The boundary at x = 0 remains at T,,. 


(a) With Ax = 4mm and At = 1s, plot temperature 
distributions in the wall for (i) the initial condi- 
tion, (ii) the steady-state condition, and (iii) two 
intermediate times. 


(b) On gq — t coordinates, plot the heat flux at x = 0 
and x = L. At what elapsed time is there zero heat 
flux atx = L? 


Consider the fuel element of Example 5.11. Initially, the 
element is at a uniform temperature of 250°C with no 
heat generation. Suddenly, the element is inserted into 
the reactor core, causing a uniform volumetric heat gen- 
eration rate of g = 10° W/m’. The surfaces are convec- 
tively cooled with T,, = 250°C and h = 1100 Wim? K. 
Using the explicit method with a space increment of 
2mm, determine the temperature distribution 1.5 s after 
the element is inserted into the core. 


Consider two plates, A and B, that are each initially 
isothermal and each of thickness L = 5 mm. The faces 
of the plates are suddenly brought into contact in a 
joining process. Material A is acrylic, initially at T;, = 
20°C with py = 1990kg/m*, c, = 1470 J/kg+K, and 
k, = 0.21 W/m:K. Material B is steel initially at T,, = 
300°C with pg = 7800 kg/m?, cz = 500 J/kg-K, and 
kg = 45 W/m:K. The external (back) surfaces of the 
acrylic and steel are insulated. Neglecting the thermal 
contact resistance between the plates, determine how 
long it will take for the external surface of the acrylic 
to reach its softening temperature, 7, = 90°C. Plot 
the acrylic’s external surface temperature as well as the 
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Tundish 


Mold 
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average temperatures of both materials over the time 
span 0 =t <= 300s. Use 20 equally spaced nodal points. 


Consider the fuel element of Example 5.11, which oper- 
ates at a uniform volumetric generation rate of 
g= 10’ W/m*, until the generation rate suddenly 
changes to = 2 X 10’ W/m*. Use the Finite-Difference 
Equations, One-Dimensional, Transient conduction 
model builder of JHT to obtain the implicit form of the 
finite-difference equations for the 6 nodes, with 
Ax = 2 mm, as shown in the example. 


(a) Calculate the temperature distribution 1.5s after 
the change in operating power, and compare your 
results with those tabulated in the example. 

(b) Use the Explore and Graph options of [HT to calcu- 

late and plot temperature histories at the midplane 

(00) and surface (05) nodes for 0 = t = 400 s. What 

are the steady-state temperatures, and approxi- 

mately how long does it take to reach the new equi- 
librium condition after the step change in operating 
power? 


In a thin-slab, continuous casting process, molten steel 
leaves a mold with a thin solid shell, and the molten 
material solidifies as the slab is quenched by water jets 
en route to a section of rollers. Once fully solidified, 
the slab continues to cool as it is brought to an accept- 
able handling temperature. It is this portion of the 
process that is of interest. 


=> 
—> Bia 
Solid > 


(T; = 1400°C) 5 


Water jet t t 


Consider a 200-mm-thick solid slab of steel 
(op = 7800 kg/m’, c= 700J/kg-K, k= 30W/m-k), 
initially at a uniform temperature of 7; = 1400°C. The 
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2L = 200 mm 
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slab is cooled at its top and bottom surfaces by water jets 
(T., = 50°C), which maintain an approximately uniform 
convection coefficient of h = 5000 W/m?: K at both sur- 
faces. Using a finite-difference solution with a space 
increment of Ax = | mm, determine the time required to 
cool the surface of the slab to 200°C. What is the corre- 
sponding temperature at the midplane of the slab? If the 
slab moves at a speed of V= 15 mm/s, what is the 
required length of the cooling section? 


Determine the temperature distribution at t = 30 min 
for the conditions of Problem 5.116. 


(a) Use an explicit finite-difference technique with a 
time increment of 600s and a space increment of 
30 mm. 


(b) Use the implicit method of the JHT Finite-Difference 
Equation Tool Pad for One-Dimensional Tran- 
sient Conduction. 


A very thick plate with thermal diffusivity 
5.6 X 10° m’/s and thermal conductivity 20 W/m:K 
is initially at a uniform temperature of 325°C. Sud- 
denly, the surface is exposed to a coolant at 15°C for 
which the convection heat transfer coefficient is 
100 W/m?:K. Using the finite-difference method with 
a space increment of Ax = 15 mm and a time incre- 
ment of 18s, determine temperatures at the surface 
and at a depth of 45 mm after 3 min have elapsed. 


Referring to Example 5.12, Comment 4, consider a 

sudden exposure of the surface to large surroundings 

at an elevated temperature (T,,.) and to convection 

(T,,, h). 

(a) Derive the explicit, finite-difference equation for 
the surface node in terms of Fo, Bi, and Bi,. 


(b) Obtain the stability criterion for the surface node. 
Does this criterion change with time? Is the crite- 
rion more restrictive than that for an interior node? 


(c)|A thick slab of material (k = 1.5 W/m-K, 
a=7X 107 m’/s, ¢ = 0.9), initially at a uniform 
temperature of 27°C, is suddenly exposed to large 
surroundings at 1000K. Neglecting convection 
and using a space increment of 10 mm, determine 
temperatures at the surface and 30mm from the 
surface after an elapsed time of | min. 


A constant-property, one-dimensional plane wall of 
width 2L, at an initial uniform temperature T;, is 
heated convectively (both surfaces) with an ambient 
fluid at T,, = T...;, h = h,. At a later instant in time, 
t = f,, heating is curtailed, and convective cooling is 
initiated. Cooling conditions are characterized by 
Tx = Tg = T;, h = hy. 
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a Problems 


(a) Write the heat equation as well as the initial and 
boundary conditions in their dimensionless form 
for the heating phase (Phase 1). Express the 
equations in terms of the dimensionless quanti- 
ties 0*, x*, Bi,, and Fo, where Bi, is expressed in 
terms of h,. 


(b) Write the heat equation as well as the initial and 
boundary conditions in their dimensionless form for 
the cooling phase (Phase 2). Express the equations 
in terms of the dimensionless quantities 0*, x*, Bi,, 
Fo,, and Fo where Fo, is the dimensionless time 
associated with t,, and Bi, is expressed in terms of 
hy. To be consistent with part (a), express the 
dimensionless temperature in terms of T,, = T... 


(c) Consider a case for which Bi, = 10, Bi, = 1, and 
Fo, = 0.1. Using a finite-difference method with 
Ax* = 0.1 and AFo = 0.001, determine the tran- 
sient thermal response of the surface (x* = 1), 
midplane (x* = 0), and quarter-plane (x* = 0.5) 
of the slab. Plot these three dimensionless temper- 
atures as a function of dimensionless time over the 
range 0 = Fo = 0.5. 


(d) Determine the minimum dimensionless tempera- 
ture at the midplane of the wall, and the dimen- 
sionless time at which this minimum temperature 
is achieved. 


Consider the thick slab of copper in Example 5.12, 
which is initially at a uniform temperature of 20°C 
and is suddenly exposed to a net radiant flux of 
3 X 10° W/m’. Use the Finite-Difference Equations/ 
One-Dimensional/Transient conduction model builder 
of JHT to obtain the implicit form of the finite-difference 
equations for the interior nodes. In your analysis, use a 
space increment of Ax = 37.5mm with a total of 17 
nodes (00-16), and a time increment of At = 1.2s. 
For the surface node 00, use the finite-difference equa- 
tion derived in Section 2 of the Example. 


(a) Calculate the 00 and 04 nodal temperatures at 
t = 120s, that is, T7(0, 120s) and 7(0.15 m, 120s), 
and compare the results with those given in Com- 
ment | for the exact solution. Will a time increment 
of 0.12 s provide more accurate results? 


(b) Plot temperature histories for x = 0, 150, and 
600 mm, and explain key features of your results. 


In Section 5.5, the one-term approximation to the 
series solution for the temperature distribution was 
developed for a plane wall of thickness 2L that is ini- 
tially at a uniform temperature and suddenly sub- 
jected to convection heat transfer. If Bi < 0.1, the 
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wall can be approximated as isothermal and repre- 
sented as a lumped capacitance (Equation 5.7). For 
the conditions shown schematically, we wish to 
compare predictions based on the one-term approxi- 
mation, the lumped capacitance method, and a finite- 
difference solution. 


T(x, t), T(x, 0) = T; = 250° 


p = 7800 kg/m? 
c = 440 J/kg-K 
k = 15 W/mK 


T., = 25°C 
h = 500 W/im*K 


# Nodes Ax 
| | | I 
| I | I 
1% |20 130 |4e! 95 5 LI4 
| | | | 
1 1 1 1 
| 
I 
Le t @2 2 LI2 
! (At = 1s) 
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(a) Determine the midplane, 7(0, 7), and surface, T(L, 
t), temperatures at t = 100, 200, and 500s using 
the one-term approximation to the series solu- 
tion, Equation 5.43, What is the Biot number for 
the system? 


(b) Treating the wall as a lumped capacitance, calcu- 
late the temperatures at t= 50, 100, 200, and 
500s. Did you expect these results to compare 
favorably with those from part (a)? Why are the 
temperatures considerably higher? 


(c)|Consider the 2- and 5-node networks shown 


schematically. Write the implicit form of the finite- 
difference equations for each network, and deter- 
mine the temperature distributions for t = 50, 100, 
200, and 500 s using a time increment of At = 1s. 
You may use JHT to solve the finite-difference 
equations by representing the rate of change of the 
nodal temperatures by the intrinsic function, 
Der(T, t). Prepare a table summarizing the results 
of parts (a), (b), and (c). Comment on the relative 
differences of the predicted temperatures. Hint: 
See the Solver/Intrinsic Functions section of 
IHT/Help or the JHT Examples menu (Example 
5.2) for guidance on using the Der(T, f) function. 
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Steel-reinforced concrete pillars are used in the con- 


struction of large buildings. Structural failure can occur 
at high temperatures due to a fire because of softening 
of the metal core. Consider a 200-mm-thick composite 
pillar consisting of a central steel core (50 mm thick) 
sandwiched between two 75-mm-thick concrete walls. 
The pillar is at a uniform initial temperature of T; = 
27°C and is suddenly exposed to combustion products 
at T.. = 900°C, h = 40 W/m?:K on both exposed sur- 
faces. The surroundings temperature is also 900°C. 


(a) Using an implicit finite difference method with 
Ax = 10mm and At = 100s, determine the tem- 
perature of the exposed concrete surface and the 
center of the steel plate at t= 10,000s. Steel 
properties are: k, = 55 W/m-K, p, = 7850 kg/m’, 
and c, = 450J/kg-K. Concrete properties are: 
k. = 14W/m:K, p, = 2300 kg/m’, c, = 880 J/kg-K, 
and e = 0.90. Plot the maximum and minimum 
concrete temperatures along with the maximum 
and minimum steel temperatures over the duration 
0 =t= 10,000s. 


Repeat part (a) but account for a thermal contact 
resistance of R”. = 0.20 m’-K/W at the concrete- 
steel interface. 


At t = 10,000, the fire is extinguished, and the 
surroundings and ambient temperatures return to 
T.. = Tyy, = 27°C. Using the same convection heat 
transfer coefficient and emissivity as in parts (a) 
and (b), determine the maximum steel temperature 
and the critical time at which the maximum steel 
temperature occurs for cases with and without the 
contact resistance. Plot the concrete surface tem- 
perature, the concrete temperature adjacent to the 
steel, and the steel temperatures over the duration 
10,000 = t = 20,000 s. 


(b) 


(c) 
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Consider the bonding operation described in Problem 


Metal strip 


3.115, which was analyzed under steady-state condi- 
tions. In this case, however, the laser will be used to 
heat the film for a prescribed period of time, creating 
the transient heating situation shown in the sketch. 


Laser source, q/, 


a 


Plastic film 


! —=4 
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The strip is initially at 25°C and the laser provides a 
uniform flux of 85,000 W/m? over a time interval of 
At,, = 10s. The system dimensions and thermo- 
physical properties remain the same, but the convec- 
tion coefficient to the ambient air at 25°C is now 
100 W/m? K and w, = 44mm. 

Using an implicit finite-difference method with 
Ax = 4mm and Ar = 1s, obtain temperature histories 
for 0 = t = 30s at the center and film edge, 7(0, rt) and 
T(w,/2, t), respectively, to determine if the adhesive is 
satisfactorily cured above 90°C for 10s and if its 
degradation temperature of 200°C is exceeded. 


One end of a stainless steel (AISI 316) rod of diameter 
10mm and length 0.16m is inserted into a fixture 
maintained at 200°C. The rod, covered with an insulat- 
ing sleeve, reaches a uniform temperature throughout 
its length. When the sleeve is removed, the rod is sub- 
jected to ambient air at 25°C such that the convection 
heat transfer coefficient is 30 W/m’: K. 


(a) Using the explicit finite-difference technique with 
a space increment of Ax = 0.016 m, estimate the 
time required for the midlength of the rod to reach 
100°C. 


(b)| With Ax=0.016m and Ar=10s, compute 
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T(x, t) forO =t=t, where f, is the time required 
for the midlength of the rod to reach 50°C. Plot the 
temperature distribution for t= 0, 200s, 400s, 
and ft). 


A tantalum rod of diameter 3 mm and length 120 mm 
is supported by two electrodes within a large vacuum 
enclosure. Initially the rod is in equilibrium with the 
electrodes and its surroundings, which are main- 
tained at 300K. Suddenly, an electrical current, 
I= 80 A, is passed through the rod. Assume the 
emissivity of the rod is 0.1 and the electrical resistiv- 
ity is 95 X 10-8 O-m. Use Table A.1 to obtain the 
other thermophysical properties required in your 
solution. Use a finite-difference method with a space 
increment of 10 mm. 


Electrode, 
300 K 


Rod 


Electrode, 
300 K 


Surroundings, T,,,, 
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a Problems 


(a) Estimate the time required for the midlength of the 
rod to reach 1000 K. 


(b) Determine the steady-state temperature distribu- 
tion and estimate approximately how long it will 
take to reach this condition. 


A support rod (k = 15 W/m:K, a = 4.0 X 107° m’/s) 
of diameter D = 15 mm and length L = 100 mm spans 
a channel whose walls are maintained at a temperature 
of T, = 300 K. Suddenly, the rod is exposed to a cross 
flow of hot gases for which 7T,,= 600K and 
h = 75 W/m*:K. The channel walls are cooled and 


remain at 300 K. 
Hot gases 
Tiedt 
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L et Das mm, L = 100 mm | 


(a) Using an appropriate numerical technique, deter- 
mine the thermal response of the rod to the con- 
vective heating. Plot the midspan temperature as a 
function of elapsed time. Using an appropriate 
analytical model of the rod, determine the steady- 
state temperature distribution, and compare the 
result with that obtained numerically for very long 
elapsed times. 


(b 
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After the rod has reached steady-state conditions, 
the flow of hot gases is suddenly terminated, and 
the rod cools by free convection to ambient air at 
T.. = 300 K and by radiation exchange with large 
surroundings at T,,, = 300 K. The free convection 
coefficient can be expressed as h (W/m*:K) = C 
AT", where C = 4.4 W/m?-K!!88 and n = 0.188. 
The emissivity of the rod is 0.5. Determine the 
subsequent thermal response of the rod. Plot the 
midspan temperature as a function of cooling 
time, and determine the time required for the rod 
to reach a safe-to-touch temperature of 315 K. 


Consider the acceleration-grid foil (k = 40 W/m: K, 
a =3 X 10> m’/s, ¢ = 0.45) of Problem 4.72. Develop 
an implicit, finite-difference model of the foil, which 
can be used for the following purposes. 


(a) Assuming the foil to be at a uniform temperature 
of 300 K when the ion beam source is activated, 
obtain a plot of the midspan temperature-time his- 
tory. At what elapsed time does this point on the 
foil reach a temperature within 1 K of the steady- 
state value? 
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(b) The foil is operating under steady-state conditions 
when, suddenly, the ion beam is deactivated. Obtain 
a plot of the subsequent midspan temperature-time 
history. How long does it take for the hottest 
point on the foil to cool to 315 K, a safe-to-touch 
condition? 


5.136} Circuit boards are treated by heating a stack of them 


under high pressure as illustrated in Problem 5.45 and 
described further in Problem 5.46. A finite-difference 
method of solution is sought with two additional con- 
siderations. First, the book is to be treated as having 
distributed, rather than lumped, characteristics, by 
using a grid spacing of Ax = 2.36 mm with nodes at 
the center of the individual circuit board or plate. Sec- 
ond, rather than bringing the platens to 190°C in one 
sudden change, the heating schedule 7,(t) shown in 
the sketch is to be used to minimize excessive thermal 
stresses induced by rapidly changing thermal gradients 
in the vicinity of the platens. 


190 
160 
o 
oe 
15 
0 20 40 60 
Time (min) 
(a) Using a time increment of At= 60s and the 


implicit method, find the temperature history of 
the midplane of the book and determine whether 
curing will occur (170°C for 5 min). 


(b) | Following the reduction of the platen temperatures 


to 15°C (t = 50 min), how long will it take for the 
midplane of the book to reach 37°C, a safe temper- 
ature at which the operator can begin unloading 
the press? 


(c 


~ 


Validate your program code by using the heating 
schedule of a sudden change of platen tempera- 
ture from 15 to 190°C and compare results with 
those from an appropriate analytical solution 
(see Problem 5.46). 


Finite-Difference Equations: 
Cylindrical Coordinates 


5.137 A thin circular disk is subjected to induction heating 


from a coil, the effect of which is to provide a uniform 
heat generation within a ring section as shown. 
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Convection occurs at the upper surface, while the 
lower surface is well insulated. 


kr, 


(a) Derive the transient, finite-difference equation for 
node m, which is within the region subjected to 
induction heating. 


(b) On T—r coordinates sketch, in qualitative manner, 
the steady-state temperature distribution, identify- 
ing important features. 


5.138 An electrical cable, experiencing uniform volumetric 
generation g, is half buried in an insulating material 
while the upper surface is exposed to a convection 
process (T,,, h). 


(a) Derive the explicit, finite-difference equations for 
an interior node (m, n), the center node (m = 0), 
and the outer surface nodes (M, n) for the convec- 
tion and insulated boundaries. 


(b) Obtain the stability criterion for each of the finite- 
difference equations. Identify the most restrictive 
criterion. 


Finite-Difference Solutions: 
Two-Dimensional Systems 


5.139 Two very long (in the direction normal to the page) 
bars having the prescribed initial temperature distribu- 
tions are to be soldered together. At time t = 0, the 
m = 3 face of the copper (pure) bar contacts the m = 4 
face of the steel (AISI 1010) bar. The solder and flux 


yn 


x,m 
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act as an interfacial layer of negligible thickness and 
effective contact resistance R’. = 2 X 10° m’- K/W. 


Initial Temperatures (K) 


n/m 1 2 3 4 5 6 
1 700 700 700 1000 900 800 
2 700 700 700 1000 900 800 
3 700 700 700 1000 900 800 

-— Interface with 
solder and flux 
Copper, —= 1] =—— Steel, 
pure AISI 1010 
3 2:3. 3,3, 4,3 5,3 6,3 
2 2,2 Sy2| 4,2 2 6,2 
,1 2y Al Syl} 4,1 yall 6,1 


Ax = Ay = 20 mm 


(a) Derive the explicit, finite-difference equation in 
terms of Fo and Bi,=Ax/kR/. for T,. and deter- 
mine the corresponding stability criterion. 


(b) Using Fo = 0.01, determine T,, one time step 
after contact is made. What is Ar? Is the stability 
criterion satisfied? 


Consider the system of Problem 4.92. Initially with no 
flue gases flowing, the walls (a = 5.5 X 107’ m’/s) are 
at a uniform temperature of 25°C. Using the implicit, 
finite-difference method with a time increment of 1 h, 
find the temperature distribution in the wall 5, 10, 50, 
and 100 h after introduction of the flue gases. 


Consider the system of Problem 4.86. Initially, the 
ceramic plate (a = 1.5 X 10° m’/s) is at a uniform 
temperature of 30°C, and suddenly the electrical 
heating elements are energized. Using the implicit, 
finite-difference method, estimate the time required 
for the difference between the surface and initial tem- 
peratures to reach 95% of the difference for steady- 
state conditions. Use a time increment of 2 s. 


Special Applications: Finite Element Analysis 
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Consider the fuel element of Example 5.11, which 
operates at a uniform volumetric generation rate of 
g, = 10’ W/m? until the generation rate suddenly 
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a Problems 


changes to g) = 2 X 10’ W/m". Use the finite-element 
software FEHT to obtain the following solutions. 


(a) Calculate the temperature distribution 1.5s after 
the change in operating power and compare your 
results with those tabulated in the example. Hint: 
First determine the steady-state temperature distri- 
bution for g;, which represents the initial condition 
for the transient temperature distribution after the 
step change in power to q. Next, in the Setup 
menu, click on Transient: in the Specify/Internal 
Generation box, change the value to q,; and in the 
Run command, click on Continue (not Calculate). 
See the Run menu in the FEHT Help section for 
background information on the Continue option. 


(b) Use your FEHT model to plot temperature histo- 
ries at the midplane and surface for 0 = t = 400s. 
What are the steady-state temperatures, and 
approximately how long does it take to reach the 
new equilibrium condition after the step change in 


operating power? 


Consider the thick slab of copper in Example 5.12, 
which is initially at a uniform temperature of 20°C and 
is suddenly exposed to large surroundings at 1000°C 
(instead of a prescribed heat flux). 


(a) For a surface emissivity of 0.94, calculate the tem- 
peratures 7(0, 120s) and 7(0.15 m, 120s) using the 
finite-element software FEHT. Hint: In the Convec- 
tion Coefficient box of the Specify/Boundary Condi- 
tions menu of FEHT, enter the linearized radiation 
coefficient (see Equation 1.9) for the surface 
(x = 0). Enter the temperature of the surroundings 
in the Fluid Temperature box. See also the Help sec- 
tion on Entering Equations. Click on Setup/Temper- 
atures in K to enter all temperatures in kelvins. 


(b) 


Plot the temperature histories for x = 0, 150, and 
600 mm, and explain key features of your results. 


Consider the composite wall of Problem 2.53. In part 
(d), you are asked to sketch the temperature histories at 
x = 0, L during the transient period between cases 2 and 
3. Calculate and plot these histories using the finite-ele- 
ment method of FEHT, the finite-difference method of 
THT (with Ax = 5 mm and At = 1.2), and/or an alter- 
native procedure of your choice. If you use more than 
one method, compare the respective results. Note that, 
in using FEHT or IHT, a look-up table must be created 
for prescribing the variation of the heater flux with time 
(see the appropriate Help section for guidance). 


Common transmission failures result from the glazing 
of clutch surfaces by deposition of oil oxidation 
and decomposition products. Both the oxidation and 
decomposition processes depend on temperature histo- 
ries of the surfaces. Because it is difficult to measure 
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these surface temperatures during operation, it is 
useful to develop models to predict clutch-interface 
thermal behavior. The relative velocity between mat- 
ing clutch plates, from the initial engagement to the 
zero-sliding (/ock-up) condition, generates heat that 
is transferred to the plates. The relative velocity 
decreases at a constant rate during this period, produc- 
ing a heat flux that is initially very large and decreases 
linearly with time, until lock-up occurs. Accordingly, 
qG=% =U - W@t,)], where gi = 1.6 x 10’ W/m? 
and f,, = 100 ms is the lock-up time. The plates have 
an initial uniform temperature of T; = 40°C, when the 
prescribed frictional heat flux is suddenly applied to 
the surfaces. The reaction plate is fabricated from 
steel, while the composite plate has a thinner steel cen- 
ter section bonded to low-conductivity friction mater- 
ial layers. The thermophysical properties are p, = 
7800 kg/m?, c, = 500J/kg+K, and k, = 40 W/m: K 
for the steel and ps, = 1150 kg/m*, cs, = 1650 J/kg: K, 
and k,,, = 4 W/m: K for the friction material. 


f= mm 0.5 2 ee a mm 
=| Tx, 0) = T; | 
— : <— , — : ——— 
— | —" > | — 
i cp 
— | — | «| _ 
ste! a pete 
Reaction plate (rp) Composite plate (cp) 


S gi qi = 1.6 x 107 Wim? 
ae fy = 100 ms 
is 


> Time, t(s) 
ty 


(a) On T — t coordinates, sketch the temperature his- 
tory at the midplane of the reaction plate, at the 
interface between the clutch pair, and at the mid- 
plane of the composite plate. Identify key features. 


(b) Perform an energy balance on the clutch pair over 
the time interval Ar = 4,, to determine the steady- 
state temperature resulting from clutch engage- 
ment. Assume negligible heat transfer from the 


plates to the surroundings. 


(c) 


Compute and plot the three temperature histories 


of interest using the finite-element method of 
FEHT or the finite-difference method of JHT (with 
Ax = 0.1mm and At = | ms). Calculate and plot 
the frictional heat fluxes to the reaction and 
composite plates, qj, and q¢,, respectively, as a 
function of time. Comment on features of the tem- 
perature and heat flux histories. Validate your 
model by comparing predictions with the results 
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from part (b). Note: Use of both FEHT and [HT 
requires creation of a look-up data table for pre- 
scribing the heat flux as a function of time. 


A process mixture at 200°C flows at a rate of 207 kg/min 
onto a conveyor belt of 3-mm thickness, 1-m width, and 
30-m length traveling with a velocity of 36 m/min. The 
underside of the belt is cooled by a water spray at a tem- 
perature of 30°C, and the convection coefficient is 
3000 W/m?:K. The thermophysical properties of the 
process mixture are p,, = 960 kg/m’, c,, = 1700 J/kg: K, 
and k,,= 1.5 W/m-K, while the properties for the 
conveyor (metallic) belt are p, = 8000 kg/m*, c, 
460 J/kg-K, and k, = 15 W/m-K. 


Process mixture (m) 


Y= 207 keimin 
Tj = 200°C y _ 36 m/min 
— 


Mixture (7m) 
Belt (b), L, = 3 mm 


ye 
Tos =? = : 


Ly + I4— 
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Spray 
nozzles 


ie S0.e 
3000 W/m*+K 


L=30m4 sz 
OO 0 


method of JHT 
the finite-element 


the _ finite-difference 


Using 
(Ax =0.5mm, At =0.05s), 
method of FEHT, or a numerical procedure of your 
choice, calculate the surface temperature of the mix- 
ture at the end of the conveyor belt 7,,,. Assume negli- 
gible heat transfer to the ambient air by convection or 
by radiation to the surroundings. 


In a manufacturing process, stainless steel cylinders 
(AISI 304) initially at 600K are quenched by 
submersion in an oil bath maintained at 300K 
with h = 500 W/m?:K. Each cylinder is of length 
2L = 60mm and diameter D= 80mm. Use the 
ready-to-solve model in the Examples menu of FEHT 
to obtain the following solutions. 


r, = 40mm T(O, L, t) 


T(r, x, 0) = T, = 600 K 


L=30mm Mor 0, 1) 
L=30mm 
T(0, 0, 1) 
Cylinder 
AISI 304 


—_>> 
T., = 300 K 
— +> = 500 Wim*-K 


Oil Bath © 
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(a) Calculate the temperatures, 7(7, x, f), after 3 min at 
the cylinder center, 7(0, 0, 3 min), at the center of 
a circular face, T(0, L, 3 min), and the midheight 
of the side, T(r,, 0, 3 min). 


Plot the temperature history at the center, 7(0, 0, 1), 
and at the midheight of the side, T(r,, 0, 1), for 
0 =t= 10min using the View/Temperatures vs. 
Time command. Comment on the gradients occur- 
ring at these locations and what effect they might 
have on phase transformations and thermal stresses. 


(b) 


(c) Having solved the model for a total integration 
time of 10 min in part (b), now use the View/Tem- 
perature Contours command with the shaded band 
option for the isotherm contours. Select the From 
Start to Stop time option, and view the tempera- 
ture contours as the cylinder cools during the 
quench process. Describe the major features of the 
cooling process revealed by this display. Use other 
options of this command to create a 10-isotherm 


temperature distribution for tf = 3 min. 


(d) For the location of part (a), calculate the tempera- 
tures after 3 min if the convection coefficient is 
doubled (h = 1000 W/m’-K). Also, for convec- 
tion coefficients of 500 and 1000 W/m?-K, deter- 
mine how long the cylinder needs to remain in the 
oil bath to achieve a safe-to-touch surface temper- 
ature of 316K. Tabulate and comment on the 


results of parts (a) and (d). 


The operations manager for a metals processing 
plant anticipates the need to repair a large furnace 
and has come to you for an estimate of the time 
required for the furnace interior to cool to a safe 
working temperature. The furnace is cubical with a 
16-m interior dimension and 1-m thick walls for 
which p = 2600kg/m*, c = 960J/kg:K, and k= 
1 W/m-K. The operating temperature of the furnace 
is 900°C, and the outer surface experiences convec- 
tion with ambient air at 25°C and a convection coef- 
ficient of 20 W/m?: K. 


(a) Use a numerical procedure to estimate the time 
required for the inner surface of the furnace to 
cool to a safe working temperature of 35°C. Hint: 
Consider a two-dimensional cross section of the 
furnace, and perform your analysis on the smallest 
symmetrical section. 


(b 


~S 


Anxious to reduce the furnace downtime, the 
operations manager also wants to know what 
effect circulating ambient air through the furnace 
would have on the cool-down period. Assume 
equivalent convection conditions for the inner 
and outer surfaces. 
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28.1 Graphical Representation of One-Dimensional, Transient 
Conduction in the Plane Wall, Long Cylinder, and Sphere 


In Sections 5.5 and 5.6, one-term approximations have been developed for transient, one- 
dimensional conduction in a plane wall (with symmetrical convection conditions) and radial 
systems (long cylinder and sphere). The results apply for Fo > 0.2 and can conveniently be 
represented in graphical forms that illustrate the functional dependence of the transient tem- 
perature distribution on the Biot and Fourier numbers. 

Results for the plane wall (Figure 5.6a) are presented in Figures 5S.1 through 5S.3. Figure 
5S.1 may be used to obtain the midplane temperature of the wall, T(0, t) = T,(0, at any time 
during the transient process. If 7, is known for particular values of Fo and Bi, Figure 5S.2 may 
be used to determine the corresponding temperature at any location off the midplane. Hence 
Figure 5S.2 must be used in conjunction with Figure 5S.1. For example, if one wishes to deter- 
mine the surface temperature (x* = +1) at some time ¢, Figure 5S.1 would first be used to 
determine T, at ¢. Figure 5S.2 would then be used to determine the surface temperature from 
knowledge of T,. The procedure would be inverted if the problem were one of determining the 
time required for the surface to reach a prescribed temperature. 


FicureE 58.1 


0 1 2 3 4 6 8 10121416 182022 2426 2830405060708090 110 130 150 300 400 500 600 700 
t* = (at/L’) = Fo 


Midplane temperature as a function of time for a plane wall of thickness 2L [1]. (Used with permission.) 
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0 
0.01 0.02 0.050.1 0.2 051.0 23 5 10 20 50 100 
(k/ML) = Bi7! 


FicurE 58.2 Temperature distribution in a plane wall of thick- 
ness 2L [1]. (Used with permission.) 


Graphical results for the energy transferred from a plane wall over the time interval ¢ 
are presented in Figure 5S.3. These results were generated from Equation 5.49. The dimen- 
sionless energy transfer Q/Q, is expressed exclusively in terms of Fo and Bi. 

Results for the infinite cylinder are presented in Figures 5S.4 through 5S.6, and those 
for the sphere are presented in Figures 58.7 through 58.9, where the Biot number is defined 
in terms of the radius r,. 


FicuRE 58.3 Internal energy change as a function of time for a plane wall of thickness 
2L [2]. (Adapted with permission.) 


ie) 1 2 3 4 6 8 10121416 18 20 22 24 26 28 30 40 50 60 70 80 90100 115 130 150200 300 
(atlr®) = Fo 


FicurE 58.4 Centerline temperature as a function of time for an infinite cylinder of radius r, [1]. (Used with permission.) 


0 
0.010.02 0.050.1 0.2 0.51.0 23 5 10 20 50 100 
(k/hr,) = Bi} 


FicurE 58.5 Temperature distribution in an infinite cylinder of 
radius r, [1]. (Used with permission.) 
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FIGURE 58.6 Internal energy change as a function of time for an infinite cylinder of 
radius r, [2]. (Adapted with permission.) 


The foregoing charts may also be used to determine the transient response of a plane 
wall, an infinite cylinder, or sphere subjected to a sudden change in surface temperature. For 
such a condition it is only necessary to replace T,, by the prescribed surface temperature 7, 
and to set Bi ' equal to zero. In so doing, the convection coefficient is tacitly assumed to be 
infinite, in which case T., = T,. 


1 2 345 6/7 8 9 101520 30 40 45 50 70 90 130 170 210 250 
t= (atir?) = Fo 


FicuRE 58.7 Center temperature as a function of time in a sphere of radius r, [1]. (Used with permission.) 
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10 

0 

0.010.02 0.05 0.10.2 05 10 23 5 10 20 50 100 
(k/hro) = Bi-* 


FicurE 58.8 Temperature distribution in a sphere of radius r, [1]. 


(Used with permission.) 


S| 


FicurE 58.9 Internal energy change as a function of time for a sphere of radius r, [2]. 
(Adapted with permission.) 


28.2 Analytical Solution of Multidimensional Effects 


Transient problems are frequently encountered for which two- and even three-dimensional 
effects are significant. Solution to a class of such problems can be obtained from the one- 
dimensional analytical results of Sections 5.5 through 5.7. 

Consider immersing the short cylinder of Figure 58.10, which is initially at a uniform 
temperature 7;, in a fluid of temperature T,, # T;. Because the length and diameter are compara- 
ble, the subsequent transfer of energy by conduction will be significant for both the 7- and x- 
coordinate directions. The temperature within the cylinder will therefore depend on 7, x, and t. 
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p—o 
= 
1 
e- h-  | 


Or, x,t) _ Ar, t) sf A(x, t) 
0. ~  @ 
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ow 


med 0* =Cr*,.1*) x PQ", t*) 


FIGURE 58.10 Two-dimensional, transient conduction in a short cylinder. (a) Geometry. 
(b) Form of the product solution. 


Assuming constant properties and no generation, the appropriate form of the heat 
equation is, from Equation 2.26, 


1d (aT OT _10T 
ror\ or ox = ot 


where x has been used in place of z to designate the axial coordinate. A closed-form solu- 
tion to this equation may be obtained by the separation of variables method. Although we 
will not consider the details of this solution, it is important to note that the end result may 
be expressed in the following form: 


Le) = Le 1G) = Te 
vo = sees 


T(r, 1) — To 
wal T;— Tx 


Infinite 
cylinder 


That is, the two-dimensional solution may be expressed as a product of one-dimensional 
solutions that correspond to those for a plane wall of thickness 2 and an infinite cylinder 
of radius r,. For Fo > 0.2, these solutions are provided by the one-term approximations of 
Equations 5.43 and 5.52, as well as by Figures 5S.1 and 5S.2 for the plane wall and Figures 
58.4 and 5S.5 for the infinite cylinder. 

Results for other multidimensional geometries are summarized in Figure 58.11. In 
each case the multidimensional solution is prescribed in terms of a product involving one 
or more of the following one-dimensional solutions: 


faei—T, 
S(x, ) = fT —T,, _|Semj-infinite (5S.1) 
1@,t) = Ts 
P(x, t) = ——————} plane 58.2 
9 T= 16 val ( ) 
T(r, t) — Tp 
t) = —~——— |, .. . ; 
CO) =F [inf Pe) 


The x-coordinate for the semi-infinite solid is measured from the surface, whereas for the 
plane wall it is measured from the midplane. In using Figure 58.11 the coordinate origins 
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S(x, t) P(x, t) C(r, t) 


<— 2, —> Ler, 
(a) Semi-infinite (b) Plane wall (c) Infinite cylinder 
solid 


Clr, t)S(, t) 
S(x, P(X, t) P(x1, t)P(Xp, t) 


tas 
a 
«ar, —> ae 
(d) Semi-infinite (e) Infinite rectangular (f) Semi-infinite 
plate bar cylinder 
és C(r, t)P(x, t) 
Seg, OPO, DPQ iy, Play, Ply, 1) 
| 
T 
| %3 
| f ' ex 
i I[ | ats =o 
© | r 
| fe 
xt | 1 
| -_-Tr-~ 
——, 2 ~ 
i 
a 2L; 
A Digan” —_ 
(g) Semi-infinite h) Rectangular (i) Short cylinder 
rectangular bar parallelepiped 


FicurE 58.11 Solutions for multidimensional systems expressed as 
products of one-dimensional results. 


should carefully be noted. The transient, three-dimensional temperature distribution in a 
rectangular parallelepiped, Figure 5S.11h, is then, for example, the product of three one- 
dimensional solutions for plane walls of thicknesses 2L, 2L,, and 2L3. That is, 


T(x, X2, X3, t) = Te 
T;, — Te. 


= P(X), t) * PO, t) 7 P(X3, t) 


The distances x,, x», and x; are all measured with respect to a rectangular coordinate system 
whose origin is at the center of the parallelepiped. 

The amount of energy Q transferred to or from a solid during a multidimensional tran- 
sient conduction process may also be determined by combining one-dimensional results, as 
shown by Langston [3]. 


58.2 = Analytical Solution of Multidimensional Effects W-19 


EXAMPLE 58.1 

————E SESS 

In a manufacturing process stainless steel cylinders (AISI 304) initially at 600 K are quenched 
by submersion in an oil bath maintained at 300 K with h = 500 W/m’: K. Each cylinder is of 
length 2L = 60 mm and diameter D = 80 mm. Consider a time 3 min into the cooling process 
and determine temperatures at the center of the cylinder, at the center of a circular face, and at 
the midheight of the side. Note that Problem 5.147 requires a numerical solution of the same 
problem using FEHT. 


SOLUTION 


Known: Initial temperature and dimensions of cylinder and temperature and convection 
conditions of an oil bath. 


Find: Temperatures T(r, x, ft) after 3 min at the cylinder center, T(0, 0, 3 min), at the center 
of a circular face, T(0, L, 3 min), and at the midheight of the side, T(r,, 0, 3 min). 


Schematic: 
| r 
r, = 40mm ! T(O, L, t) 
T(r, x, 0) = T, = 600 K 
L=30mm TM, 0,0 
L=30mm 
T(0, 0, 2) 
Cylinder 
AISI 304 
ein — T_=300K 
Bath = > fh = 500 Wim2-K 
Assumptions: 


1. Two-dimensional conduction in r and x. 


2. Constant properties. 


Properties: Table A.1, stainless steel, AISI 304 [T = (600 + 300)/2 = 450 K]: p = 7900 
kg/m*, c = 526 J/kg-K, k = 17.4 W/mK, @ = k/pc = 4.19 X 10° m*/s. 


Analysis: The solid steel cylinder corresponds to case (i) of Figure 5S.11, and the 
temperature at any point in the cylinder may be expressed as the following product of one- 
dimensional solutions. 


T(r, x,t) — Ts, 
i =7, 


= P(x, I)C(r, 1) 
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where P(x, f) and C(r, f) are defined by Equations 58.2 and 5S.3, respectively. Accordingly, 
for the center of the cylinder, 


7T(0,0,3 min) — T,, _ T(0,3 min) — T,, T(0, 3 min) — T,, 


Plane * 


Infinite 
T, = T. T, = T. wall T, a Ts cylinder 


Hence, for the plane wall, with 


k _ 17.4 W/m: K 


B= = 1.16 
AL 500 W/m? K X 0.03 m 
-6 2 
= att 4.19 x 10 ne 180s = 0.84 
re (0.03 m) 
it follows from Equation 5.44 that 
9, 
0; = 5 = C exp (-<iFo) 


I 


where, with Bi = 0.862, C, = 1.109 and ¢, = 0.814 rad from Table 5.1. With Fo = 0.84, 


6, 1(0,3min) — T., 2 
- ( a plage = 1-109 exp [—(0.814 rad)? X 0.84] = 0.636 
i G— de wall 


Similarly, for the infinite cylinder, with 


k _ 17.4 W/m: K 
hr, 500 W/m?-K x 0.04m 
_ at _ 4.19 10° m’/s X 180s _ 
r (0.04 m)* 


oO 


Bil= = 0.87 


Fo 0.47 


it follows from Equation 5.52c that 


oO 


0 
0; = 4 = Ci exp (—<jFo) 


a 


where, with Bi = 1.15, C, = 1.227 and Z, = 1.307 rad from Table 5.1. With Fo = 0.47, 


6 
; infinite = 1-109 exp [—(1.307 rad)” x 0.47] = 0.550 


i {cylinder 


Hence, for the center of the cylinder, 


T(O, 0, 3 min) — T,, 
T; — Tx 


T(O, 0, 3 min) = 300 K + 0.350(600 — 300) K = 405 K < 


= 0.636 X 0.550 = 0.350 


The temperature at the center of a circular face may be obtained from the requirement that 


T(0,L,3 min) — T,, | TUL, 3 min) — T,, ; T(O, 3 min) — T,, 


Plane Infinite 
T; — Ts T; = Tx wall T; ra T x cylinder 
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where, from Equation 5.43b, 
OF 8, 
Hence, with x* = 1, we have 


OL) _ T(L,3 min) — T., 


=? = cos (S,x") 


cos (0.814 rad X 1) = 0.687 


T(0, 3 min) — T,, 
T,— Ts 


Plane 
wall 


Plane * 
wall 


6,  1(0,3min)—T. Ei 
Hence 
T(L, 3 min) — T,, _ TL,3 min) — T,, 
T, —T~ wat’ (0, 3 min) — T.., 
T(L, 3 min) — T., 
a) pte = 0-687 X 0.636 = 0.437 
T= Ts all 
Hence 


T(0, L, 3 min) — T., 
LaTe 


T(0, L, 3 min) = 


= 0.437 X 0.550 = 0.240 


300 K + 0.24(600 — 300) K = 372K 


Infinite 


n) — T., T(r,, 3 min) — T,, 


O(r,) _ T(r,,3 min) — T,, 


LG, 0:3 min) — TT, 70; 3 mit 
T; —_ T. T; — T x ao T; = T. cylinder 
where, from Equation 5.52b, 
6*  @ 
9 = 6, = Jo(fir*) 


With r* = | and the value of the Bessel function determined from Table B.4, 


Infinite. = Jo(1.307 rad X 1) = 0.616 


oO 


Hence 
T(r,, 3 min) — T,, 


0 T(O, 3 min) — T,, 


cylinder 


Infinite 
cylinder 


Ag om = Ts 


Infinite 


Le Ts 


T(r,, 3 min) — T,, 


T(O, 3 min) — T,, 


cylinder 


; T(O, 3 min) — T,, 
te 


Infinite 
cylinder 


Infinite = 0.616 X 0.550 = 0.339 


T=T. 


cylinder 


<J 


The temperature at the midheight of the side may be obtained from the requirement that 
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Hence 
T(r,, 0, 3 min) — T., 


T; — Te. 


Comments: 


solution. 


References 


T(r,,0, 3 min) = 300 K + 0.216(600 — 300) K = 365K 
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= 0.636 X 0.339 = 0.216 


1. Verify that the temperature at the edge of the cylinder is 7T(r,, L, 3 min) = 344 K. 


2. The Heisler charts of Section 5S.1 could also be used to obtain the desired results. 
Accessing these charts, one would obtain 0,16 ptane watt ~~ 0.64, 0/0 dinfinte eater O24, 
O(L)/O. plane wall ~ 0.68, and O(7,)/O infinite cylinder = 0.61, which are in good agreement 
with results obtained from the one-term approximations. 


3. The IHT Models, Transient Conduction option for the Plane Wall and Infinite Cylinder 
may be used to calculate temperature ratios required for the foregoing product 


1. Heisler, M. P., Trans. ASME, 69, 227-236, 1947. 


2. Grober, H., S. Erk, and U. Grigull, Fundamentals of 
Heat Transfer, McGraw-Hill, New York, 1961. 


Problems 


3. Langston, L. S., Int. J. Heat Mass Transfer, 25, 149-150, 
1982. 


One-Dimensional Conduction: 


The Plane Wall 


58.1 


58.2 


Consider the thermal energy storage unit of Problem 
5.16, but with a masonry material of p = 1900 kg/m’, 
c = 800 J/kg-K, and k = 0.70 W/m: K used in place 
of the aluminum. How long will it take to achieve 75% 
of the maximum possible energy storage? What are 
the maximum and minimum temperatures of the 
masonry at this time? 


An ice layer forms on a 5-mm-thick windshield of a 
car while parked during a cold night for which the 
ambient temperature is —20°C. Upon start-up, using a 
new defrost system, the interior surface is suddenly 
exposed to an airstream at 30°C. Assuming that the ice 
behaves as an insulating layer on the exterior surface, 
what interior convection coefficient would allow the 
exterior surface to reach 0°C in 60s? The windshield 
thermophysical properties are p = 2200 kg/m’, Cy = 
830 J/kg-K, and k = 1.2 W/m-K. 


One-Dimensional Conduction: 


The Long Cylinder 


58.3 


58.4 


58.5 


Cylindrical steel rods (AISI 1010), 50 mm in diame- 
ter, are heat treated by drawing them through an 
oven 5 m long in which air is maintained at 750°C. 
The rods enter at 50°C and achieve a centerline tem- 
perature of 600°C before leaving. For a convection 
coefficient of 125 W/m*:K, estimate the speed at 
which the rods must be drawn through the oven. 


Estimate the time required to cook a hot dog in boiling 
water. Assume that the hot dog is initially at 6°C, that 
the convection heat transfer coefficient is 100 W/m?- K, 
and that the final temperature is 80°C at the center- 
line. Treat the hot dog as a long cylinder of 20-mm 
diameter having the properties: p = 880 kg/m*, c = 
3350 J/kg: K, and k = 0.52 W/m: K. 

A long bar of 70-mm diameter and initially at 90°C is 


cooled by immersing it in a water bath that is at 40°C 
and provides a convection coefficient of 20 W/m*:K. 


a Problems 


The thermophysical properties of the bar are p= 
2600 kg/m3, c = 1030 J/kg-K, and k = 3.50 W/m: K. 


(a) How long should the bar remain in the bath in 
order that, when it is removed and allowed to equi- 
librate while isolated from any surroundings, it 
achieves a uniform temperature of 55°C? 


(b) What is the surface temperature of the bar when it 
is removed from the bath? 


58.10 


58.11 
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long must the billet remain in the oven before its 
center temperature reaches 600°C? 


Fireclay brick of dimensions 0.06 m X 0.09 m X 
0.20 m is removed from a kiln at 1600 K and cooled in 
air at 40°C with h = 50 W/m?-K. What is the temper- 
ature at the center and at the corners of the brick after 
50 min of cooling? 


A cylindrical copper pin 100 mm long and 50 mm in 
diameter is initially at a uniform temperature of 20°C. 
The end faces are suddenly subjected to an intense 


One-Dimensional Conduction: 


The Sphere 


heating rate that raises them to a temperature of 
500°C. At the same time, the cylindrical surface is 
subjected to heating by gas flow with a temperature of 


58.6 A sphere of 80-mm diameter (k = 50 W/m-K and 500°C and a heat transfer coefficient of 100 W/m’: K. 


a=1.5 X 10°° m’/s) is initially at a uniform, ele- 
vated temperature and is quenched in an oil bath 
maintained at 50°C. The convection coefficient for 
the cooling process is 1000 W/m*:K. At a certain 
time, the surface temperature of the sphere is mea- 
sured to be 150°C. What is the corresponding center 
temperature of the sphere? 


58.7 A spherical hailstone that is 5mm in diameter is 


formed in a high-altitude cloud at —30°C. If the stone 
begins to fall through warmer air at 5°C, how long will 
it take before the outer surface begins to melt? What is 
the temperature of the stone’s center at this point in 
time, and how much energy (J) has been transferred to 
the stone? A convection heat transfer coefficient of 
250 W/m*:K may be assumed, and the properties of 
the hailstone may be taken to be those of ice. 


58.8 In a process to manufacture glass beads (k = 1.4 W/m-K, 


p = 2200 kg/m’, c, = 800 J/kg: K) of 3-mm diameter, the 
beads are suspended in an upwardly directed airstream 
that is at T,, = 15°C and maintains a convection coeffi- 
cient of h = 400 W/m? K. 


(a) If the beads are at an initial temperature of T; = 
477°C, how long must they be suspended to 
achieve a center temperature of 80°C? What is the 
corresponding surface temperature? 


| (b) (Compute and plot the center and surface tempera- 
tures as a function of time for 0 = t = 20s and 
h = 100, 400, and 1000 W/m*: K. 


Multidimensional Conduction 


58.9 A long steel (plain carbon) billet of square cross sec- 


tion 0.3 m X 0.3 m, initially at a uniform temperature 
of 30°C, is placed in a soaking oven having a tempera- 
ture of 750°C. If the convection heat transfer coeffi- 
cient for the heating process is 100 W/m?:K, how 


58.12 


58.13 


End face 


50 mm 
100 mm 


(a) Determine the temperature at the center point of the 
cylinder 8 s after sudden application of the heat. 


(b) Considering the parameters governing the tem- 
perature distribution in transient heat diffusion 
problems, can any simplifying assumptions be 
justified in analyzing this particular problem? 
Explain briefly. 

Recalling that your mother once said that meat should 

be cooked until every portion has attained a tempera- 

ture of 80°C, how long will it take to cook a 2.25-kg 
roast? Assume that the meat is initially at 6°C and that 
the oven temperature is 175°C with a convection heat 

transfer coefficient of 15 W/m*:K. Treat the roast as a 

cylinder with properties of liquid water, having a diam- 

eter equal to its length. 


A long rod 20 mm in diameter is fabricated from alu- 
mina (polycrystalline aluminum oxide) and is initially 
at a uniform temperature of 850 K. The rod is suddenly 
exposed to fluid at 350K with h = 500 W/m’:K. 
Estimate the centerline temperature of the rod after 
30s at an exposed end and at an axial distance of 
6 mm from the end. 


W-24 
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58.14) Consider the stainless steel cylinder of Example 5S.1, 
which is initially at 600 K and suddenly quenched in 
an oil bath at 300 K with h = 500 W/m*:K. Use the 
Transient Conduction, Plane Wall and Cylinder models 
of [HT to obtain the following solutions. 


(a) Calculate the temperatures, T(r, x, f), after 3 min 


at the cylinder center, 7(0, 0, 3 min), at the center 
of a circular face, 7(0, L, 3 min), and at the mid- 
height of the side, 7(r,, 0, 3 min). Compare your 
results with those in the example. 


(b) 


(c) 


Use the Explore and Graph options of [HT to cal- 
culate and plot temperature histories at the cylin- 
der center, 7(0, 0, f), and the midheight of the 
side, T(r,, 0, 1), for 0 = t = 10 min. Comment on 
the gradients occurring at these locations and what 
effect they might have on phase transformations 
and thermal stresses. Hint: In your sweep over the 
time variable, start at 1 s rather than zero. 

For 0 =f = 10 min, calculate and plot temperature 
histories at the cylinder center, 7(0, 0, t), for convec- 
tion coefficients of 500 W/m’: K and 1000 W/m?: K. 
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Chapter 6 = Introduction to Convection 


T. far we have focused on heat transfer by conduction and have considered convection 
only to the extent that it provides a possible boundary condition for conduction problems. In 
Section 1.2.2 we used the term convection to describe energy transfer between a surface and 
a fluid moving over the surface. Convection includes energy transfer by both the bulk fluid 
motion (advection) and the random motion of fluid molecules (conduction or diffusion). 

In our treatment of convection, we have two major objectives. In addition to obtaining 
an understanding of the physical mechanisms that underlie convection transfer, we wish 
to develop the means to perform convection transfer calculations. This chapter and the 
material of Appendix E are devoted primarily to achieving the former objective. Physical 
origins are discussed, and relevant dimensionless parameters, as well as important analo- 
gies, are developed. 

With conceptual foundations established, subsequent chapters are used to develop 
useful tools for quantifying convection effects. Chapters 7 and 8 present methods for com- 
puting the coefficients associated with forced convection in external and internal flow con- 
figurations, respectively. Chapter 9 describes methods for determining these coefficients in 
free convection, and Chapter 10 considers the problem of convection with phase change 
(boiling and condensation). Chapter 11 develops methods for designing and evaluating the 
performance of heat exchangers, devices that are widely used in engineering practice to 
effect heat transfer between fluids. 

Accordingly, we begin by developing our understanding of the nature of convection. 


6.1 The Convection Boundary Layers 


The concept of boundary layers is central to the understanding of convection heat transfer 
between a surface and a fluid flowing past it. In this section, velocity and thermal bound- 
ary layers are described, and their relationships to the friction coefficient and convection 
heat transfer coefficient are introduced. 


6.1.1 The Velocity Boundary Layer 


To introduce the concept of a boundary layer, consider flow over the flat plate of Figure 6.1. 
When fluid particles make contact with the surface, their velocity is reduced significantly rela- 
tive to the fluid velocity upstream of the plate, and for most situations it is valid to assume that 
the particle velocity is zero at the wall.' These particles then act to retard the motion of parti- 
cles in the adjoining fluid layer, which act to retard the motion of particles in the next layer, 
and so on until, at a distance y = 6 from the surface, the effect becomes negligible. This retar- 
dation of fluid motion is associated with shear stresses T acting in planes that are parallel to the 
fluid velocity (Figure 6.1). With increasing distance y from the surface, the x velocity compo- 
nent of the fluid, u, must then increase until it approaches the free stream value u.,. The sub- 
script ° is used to designate conditions in the free stream outside the boundary layer. 


'This is an approximation of the situation discussed in Section 3.9, wherein fluid molecules or particles continu- 
ally collide with and are reflected from the surface. The momentum of an individual fluid particle will change in 
response to its collision with the surface. This effect may be described by momentum accommodation coeffi- 
cients, as will be discussed in Section 8.8. In this chapter, we assume that nano- and microscale effects are not 
important, in which case the assumption of zero fluid velocity at the wall is valid. 
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= Free stream 


6 (x) 
Velocity 
} ___ boundary 
t = layer 
FicuRE 6.1 Velocity boundary layer 
mine development on a flat plate. 


The quantity 6 is termed the boundary layer thickness, and it is typically defined as the 
value of y for which u = 0.99u,,. The boundary layer velocity profile refers to the manner 
in which u varies with y through the boundary layer. Accordingly, the fluid flow is charac- 
terized by two distinct regions, a thin fluid layer (the boundary layer) in which velocity gra- 
dients and shear stresses are large and a region outside the boundary layer in which velocity 
gradients and shear stresses are negligible. With increasing distance from the leading edge, 
the effects of viscosity penetrate farther into the free stream and the boundary layer grows 
(6 increases with x). 

Because it pertains to the fluid velocity, the foregoing boundary layer may be referred 
to more specifically as the velocity boundary layer. It develops whenever there is fluid flow 
over a surface, and it is of fundamental importance to problems involving convection trans- 
port. In fluid mechanics its significance to the engineer stems from its relation to the sur- 
face shear stress 7,, and hence to surface frictional effects. For external flows it provides the 
basis for determining the local friction coefficient 


Ts 
puz,/2 


C (6.1) 


a key dimensionless parameter from which the surface frictional drag may be determined. 
Assuming a Newtonian fluid, the surface shear stress may be evaluated from knowledge of 
the velocity gradient at the surface 


1, = (6.2) 


where p is a fluid property known as the dynamic viscosity. In a velocity boundary layer, 
the velocity gradient at the surface depends on the distance x from the leading edge of the 
plate. Therefore, the surface shear stress and friction coefficient also depend on x. 


6.1.2. The Thermal Boundary Layer 


Just as a velocity boundary layer develops when there is fluid flow over a surface, a thermal 
boundary layer must develop if the fluid free stream and surface temperatures differ. Con- 
sider flow over an isothermal flat plate (Figure 6.2). At the leading edge the temperature 
profile is uniform, with T(y) = T... However, fluid particles that come into contact with the 
plate achieve thermal equilibrium at the plate’s surface temperature.” In turn, these particles 
exchange energy with those in the adjoining fluid layer, and temperature gradients develop 


*Micro- and nanoscale effects are assumed to be negligible in this chapter. Hence, the thermal accommodation 
coefficient of Section 3.9 attains a value of unity, in which case the fluid particles achieve thermal equilibrium 
with the surface of the plate. Micro- and nanoscale effects will be discussed in Section 8.8. 
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FIGURE 6.2 Thermal boundary layer 
development on an isothermal flat plate. 


fae —7— 


in the fluid. The region of the fluid in which these temperature gradients exist is the thermal 
boundary layer, and its thickness 6, is typically defined as the value of y for which the ratio 
((T, — T)(T, — T.,)] = 0.99. With increasing distance from the leading edge, the effects of 
heat transfer penetrate farther into the free stream and the thermal boundary layer grows. 
The relation between conditions in this boundary layer and the convection heat transfer 
coefficient may readily be demonstrated. At any distance x from the leading edge, the local 
surface heat flux may be obtained by applying Fourier’s law to the fluid at y = 0. That is, 


Ga Ga (6.3) 


The subscript s has been used to emphasize that this is the surface heat flux, but it will be 
dropped in later sections. This expression is appropriate because, at the surface, there is no 
fluid motion and energy transfer occurs only by conduction. Recalling Newton’s law of 
cooling, we see that 


qs = W(T, — T.) (6.4) 
and combining this with Equation 6.3, we obtain 
—kp oTldy es 
=e 6.5 
7 (6.5) 


Hence, conditions in the thermal boundary layer, which strongly influence the wall tem- 
perature gradient JT/dy|,_», determine the rate of heat transfer across the boundary layer. 
Since (T,—T.,) is a constant, independent of x, while 5, increases with increasing x, 
temperature gradients in the boundary layer must decrease with increasing x. Accordingly, 
the magnitude of d7/dy|,-) decreases with increasing x, and it follows that gq” and h 
decrease with increasing x. 


6.1.3 Significance of the Boundary Layers 


For flow over any surface, there will always exist a velocity boundary layer and hence sur- 
face friction. Likewise, a thermal boundary layer, and hence convection heat transfer, will 
always exist if the surface and free stream temperatures differ. The velocity boundary layer 
is of extent d(x) and is characterized by the presence of velocity gradients and shear 
stresses. The thermal boundary layer is of extent 6,(x) and is characterized by temperature 
gradients and heat transfer. When both boundary layers are present, they rarely grow at the 
same rate, and the values of 5 and 6, at a given location are not the same. 

For the engineer, the principal manifestations of the velocity and thermal boundary 
layers are, respectively, surface friction and convection heat transfer. The key boundary layer 
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parameters are then the friction coefficient C; and the heat transfer convection coefficient h. 
We now turn our attention to examining these key parameters, which are central to the 
analysis of convection heat transfer problems. 


6.2 Local and Average Convection Coefficients 


6.2.1 Heat Transfer 


Consider the conditions of Figure 6.3a. A fluid of velocity V and temperature T,, flows over 
a surface of arbitrary shape and of area A,. The surface is presumed to be at a uniform 
temperature, 7,, and if 7, # T.,, we know that convection heat transfer will occur. From 
Section 6.1.2, we also know that the surface heat flux and convection heat transfer coeffi- 
cient both vary along the surface. The total heat transfer rate q may be obtained by inte- 
grating the local flux over the entire surface. That is, 


q= | q'dA, (6.6) 


or, from Equation 6.4, 


q=(1,-T.)| da, 61) 


Defining an average convection coefficient h for the entire surface, the total heat transfer 
rate may also be expressed as 


qg=hAT, — T.) (6.8) 


Equating Equations 6.7 and 6.8, it follows that the average and local convection coeffi- 
cients are related by an expression of the form 


h=—| hdA, (6.9) 


Note that for the special case of flow over a flat plate (Figure 6.3), h varies only with the 
distance x from the leading edge and Equation 6.9 reduces to 


=< 7 L 
n=1I"n l 
a dx (6.10) 
ey th. 
— 
; 
— 


—— As, T, 
— os FicurE 6.3 Local and total 


Loge j<— dx L convection heat transfer. (a) Surface 


(b) of arbitrary shape. (b) Flat plate. 
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6.2.2 The Problem of Convection 


The local flux and/or the total transfer rate are of paramount importance in any convec- 
tion problem. These quantities may be determined from the rate equations, Equations 
6.4 and 6.8, which depend on knowledge of the local (h) and average (h) convection 
coefficients. It is for this reason that determination of these coefficients is viewed as the 
problem of convection. However, the problem is not a simple one, for in addition to 
depending on numerous fluid properties such as density, viscosity, thermal conductivity, 
and specific heat, the coefficients depend on the surface geometry and the flow condi- 
tions. This multiplicity of independent variables is attributable to the dependence of 
convection transfer on the boundary layers that develop on the surface. 


EXAMPLE 6.1 


Experimental results for the local heat transfer coefficient h, for flow over a flat plate with 
an extremely rough surface were found to fit the relation 


h(x) = ax?! 


where a is a coefficient (W/m!°-K) and x (m) is the distance from the leading edge of 
the plate. 


1. Develop an expression for the ratio of the average heat transfer coefficient h, for a 
plate of length x to the local heat transfer coefficient h,, at x. 


2. Plot the variation of h, and h, as a function of x. 


SOLUTION 


Known: Variation of the local heat transfer coefficient, h,(x). 


Find: 
1. The ratio of the average heat transfer coefficient h(x) to the local value h,(x). 
2. Plot of the variation of h, and h, with x. 


Schematic: 
Boundary layer 
h,= ax 
5,(x) 
—- 
T., —~> 
—> Ts 
Lows 
Analysis: 


1. From Equation 6.10 the average value of the convection heat transfer coefficient over 
the region from 0 to x is 


f= hay =4{ Ins) de 
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Substituting the expression for the local heat transfer coefficient 
hi\=ax 


and integrating, we obtain 


Sd tA ge td a 2 _ -0.1 
he=$ [ax av= 4x a= 0(2") = 11a 


or 


n= Lik, <J 


2. The variation of h, and h, with x is as follows: 


hy, lh, (Wim?sK) 


x (m) 


Comments: Boundary layer development causes both the local and average coefficients 
to decrease with increasing distance from the leading edge. The average coefficient up to x 
must therefore exceed the local value at x. 

a= 


6.3 Laminar and Turbulent Flow 


In the discussion of convection so far, we have not addressed the significance of the flow 
conditions. An essential step in the treatment of any convection problem is to determine 
whether the boundary layer is laminar or turbulent. Surface friction and the convection 
transfer rate depend strongly on which of these conditions exists. 


6.3.1 Laminar and Turbulent Velocity Boundary Layers 


Boundary layer development on a flat plate is illustrated in Figure 6.4. In many cases, lami- 
nar and turbulent flow conditions both occur, with the laminar section preceding the turbu- 
lent section. For either condition, the fluid motion is characterized by velocity components 
in the x- and y-directions. Fluid motion away from the surface is necessitated by the slowing 
of the fluid near the wall as the boundary layer grows in the x-direction. Figure 6.4 shows 
that there are sharp differences between laminar and turbulent flow conditions, as described 
in the following paragraphs. 

In the laminar boundary layer, the fluid flow is highly ordered and it is possible to 
identify streamlines along which fluid particles move. From Section 6.1.1 we know that 
the boundary layer thickness grows and that velocity gradients at y = 0 decrease in the 
streamwise (increasing x) direction. From Equation 6.2, we see that the local surface 
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FicurE 6.4 Velocity boundary layer development on a flat plate. 


shear stress T, also decreases with increasing x. The highly ordered behavior continues 
until a transition zone is reached, across which a conversion from laminar to turbulent 
conditions occurs. Conditions within the transition zone change with time, with the flow 
sometimes exhibiting laminar behavior and sometimes exhibiting the characteristics of 
turbulent flow. 

Flow in the fully turbulent boundary layer is, in general, highly irregular and is charac- 
terized by random, three-dimensional motion of relatively large parcels of fluid. Mixing 
within the boundary layer carries high-speed fluid toward the solid surface and transfers 
slower-moving fluid farther into the free stream. Much of the mixing is promoted by 
streamwise vortices called streaks that are generated intermittently near the flat plate, 
where they rapidly grow and decay. Recent analytical and experimental studies have sug- 
gested that these and other coherent structures within the turbulent flow can travel in waves 
at velocities that can exceed u.,,, interact nonlinearly, and spawn the chaotic conditions that 
characterize turbulent flow [1]. 

As a result of the interactions that lead to chaotic flow conditions, velocity and 
pressure fluctuations occur at any point within the turbulent boundary layer. Three dif- 
ferent regions may be delineated within the turbulent boundary layer as a function of 
distance from the surface. We may speak of a viscous sublayer in which transport is 
dominated by diffusion and the velocity profile is nearly linear. There is an adjoining 
buffer layer in which diffusion and turbulent mixing are comparable, and there is a tur- 
bulent zone in which transport is dominated by turbulent mixing. A comparison of the 
laminar and turbulent boundary layer profiles for the x-component of the velocity, pro- 
vided in Figure 6.5, shows that the turbulent velocity profile is relatively flat due to the 
mixing that occurs within the buffer layer and turbulent region, giving rise to large 
velocity gradients within the viscous sublayer. Hence, 7, is generally larger in the turbu- 
lent portion of the boundary layer of Figure 6.4 than in the laminar portion. 

The transition from laminar to turbulent flow is ultimately due to triggering mecha- 
nisms, such as the interaction of unsteady flow structures that develop naturally within the 
fluid or small disturbances that exist within many typical boundary layers. These distur- 
bances may originate from fluctuations in the free stream, or they may be induced by sur- 
face roughness or minute surface vibrations. The onset of turbulence depends on whether 
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ou < dt 
dy|y=0,lam  dy|y=0, turb 
Us 
u(y) 
ou 
dy|y=0 FIGURE 6.5 Comparison of laminar and 
turbulent velocity boundary layer profiles 
Laminar Turbulent for the same free stream velocity.” 


the triggering mechanisms are amplified or attenuated in the direction of fluid flow, which 
in turn depends on a dimensionless grouping of parameters called the Reynolds number, 


Whaat 
Ke, = im m 

where, for a flat plate, the characteristic length is x, the distance from the leading edge. It 
will be shown later that the Reynolds number represents the ratio of the inertia to viscous 
forces. If the Reynolds number is small, inertia forces are insignificant relative to viscous forces. 
The disturbances are then dissipated, and the flow remains laminar. For a large Reynolds 
number, however, the inertia forces can be sufficient to amplify the triggering mechanisms, 
and a transition to turbulence occurs. 

In determining whether the boundary layer is laminar or turbulent, it is frequently rea- 
sonable to assume that transition begins at some location x,, as shown in Figure 6.4. This 
location is determined by the critical Reynolds number, Re,... For flow over a flat plate, 
Re,,. is known to vary from approximately 10° to 3 X 10°, depending on surface roughness 
and the turbulence level of the free stream. A representative value of 


(6.11) 


Re =e — =5x 10° (6.12) 


is often assumed for boundary layer calculations and, unless otherwise noted, is used for 
the calculations of this text that involve a flat plate. 


6.3.2 Laminar and Turbulent Thermal Boundary Layers 


Since the velocity distribution determines the advective component of thermal energy 
transfer within the boundary layer, the nature of the flow also has a profound effect on the 
convective heat transfer rate. Similar to the laminar velocity boundary layer, the thermal 
boundary layer grows in the streamwise (increasing x) direction, temperature gradients in 
the fluid at y = O decrease in the streamwise direction, and, from Equation 6.5, the heat 
transfer coefficient also decreases with increasing x. 

Just as it induces large velocity gradients at y = 0, as shown in Figure 6.5, turbulent 
mixing promotes large temperature gradients adjacent to the solid surface as well as a corre- 
sponding increase in the heat transfer coefficient across the transition region. These effects 
are illustrated in Figure 6.6 for the velocity boundary layer thickness 6 and the local convec- 
tion heat transfer coefficient 4. Because turbulence induces mixing, which in turn reduces 


3Since velocity fluctuates with time in turbulent flow, the time-averaged velocity, #, is plotted in Figure 6.5. 
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6 and the local heat transfer coefficient h for flow over an 


| FIGURE 6.6 Variation of velocity boundary layer thickness 
I Turbulent 


[«— Laminar ; 
Transition isothermal flat plate. 


the importance of conduction in determining the thermal boundary layer thickness, differ- 
ences in the thicknesses of the velocity and thermal boundary layers tend to be much smaller 
in turbulent flow than in laminar flow. As is evident in Equation 6.12, the presence of heat 
transfer can affect the location of the transition from laminar to turbulent flow x, since the 
density and dynamic viscosity of the fluid can depend on the temperature. 


EXAMPLE 6.2 


Water flows at a velocity u,, = 1 m/s over a flat plate of length L = 0.6m. Consider two 
cases, one for which the water temperature is approximately 300 K and the other for an 
approximate water temperature of 350 K. In the laminar and turbulent regions, experimental 
measurements show that the local convection coefficients are well described by 


hi) = Cunt” el) = Coane 
where x has units of m. At 300 K, 
Ciam,300 = 395 Wi/m!? -K Cwurb300 = 2330 W/m!’ + K 
while at 350 K, 
Ciam,350 = 477 Wim! + K Cwurb350 = 3600 W/m'* - K 


As is evident, the constant C depends on the nature of the flow as well as the water temper- 
ature because of the thermal dependence of various properties of the fluid. 


Determine the average convection coefficient, h, over the entire plate for the two water 
temperatures. 


SOLUTION 


Known: Water flow over a flat plate, expressions for the dependence of the local convec- 
tion coefficient with distance from the plate’s leading edge x, and approximate temperature 
of the water. 


Find: Average convection coefficient, h. 
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Schematic: 
& Laminar _[_ Turbulent > 
Un, 
= >?) 
—s Sey 
y t. 6) 2 
x,——| 
le L 
—& X 
Assumptions: 


1. Steady-state conditions. 
2. Transition occurs at a critical Reynolds number of Re, = 5 X 10°. 


Properties: Table A.6, water (T ~ 300 K): p = u;' = 997 kg/m’, 4p = 855 X 10°-°N- s/n’. 
Table A.6 (T ~ 350 K): p = v;! = 974 kg/m, pw = 365 X 10 °N<s/m’. 


Analysis: The local convection coefficient is highly dependent on whether laminar or 
turbulent conditions exist. Therefore, we first determine the extent to which these condi- 
tions exist by finding the location where transition occurs, x,. From Equation 6.12, we 
know that at 300 K, 


2 Re. 5 X 10° X 855 X 10-8 N= s/m? 


: = 0.43 m 
pie 997 kg/m? X | m/s 


while at 350 K, 


7 Re. ck _ 5 X 10° X 365 X 10-° N= s/n? 


Pies 974 kg/m? X 1 m/s 


From Equation 6.10 we know that 


_ 1 L 1 ae L 
h= 4 hax-4 i Iam + | Arty AX 


or 
—~ _ 1 Chis 0.5 *e Cun 0.8 P 
h ! 
1] Can ~ 08” 
At 300 K, 
— 1 [395 Wim!3-K 05) 05 , 2330 Wim!8-K 
h = x (0.435) mS + 
tal 0.5 wee 0.8 


x (0.6°° — 0.43°%) nt = 1620 W/m?-K <J 
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while at 350 K, 


= 1 | 477 Wim'?-K 05) 05 , 3600 W/m!*+K 
= X (0.19°5) m°5 4 
Gat 0.5 oe 0.8 


X (0.6°° — 0.19%) nt = 3710 W/m?-K <J 


The local and average convection coefficient distributions for the plate are shown in the 
following figure. 
8000 


h, 300 K 
h, 350 K 


h, h, (W/m?+K) 


Comments: 

1. The average convection coefficient at T ~ 350 K is over twice as large as the value at 
T ~ 300 K. This strong temperature dependence is due primarily to the shift of x, that 
is associated with the smaller viscosity of the water at the higher temperature. Careful 
consideration of the temperature dependence of fluid properties is crucial when per- 
forming a convection heat transfer analysis. 

2. Spatial variations in the local convection coefficient are significant. The largest local 
convection coefficients occur at the leading edge of the flat plate, where the laminar 
thermal boundary layer is extremely thin, and just downstream of x,., where the turbu- 
lent boundary layer is thinnest. 


6.4 The Boundary Layer Equations 


We can improve our understanding of the physical effects that determine boundary layer 
behavior and further illustrate its relevance to convection transport by considering the 
equations that govern boundary layer conditions, such as those illustrated in Figure 6.7. 
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FIGURE 6.7 Development of the velocity and thermal boundary layers for an arbitrary surface. 


As discussed in Section 6.1, the velocity boundary layer results from the difference 
between the free stream velocity and the zero velocity at the wall, while the thermal bound- 
ary layer results from a difference between the free stream and surface temperatures. Illus- 
tration of the relative thicknesses (6, > 6.) in Figure 6.7 is arbitrary, for the moment, and 
the factors that influence relative boundary layer development are discussed later in this 
chapter. 

Our objective in this section is to examine the differential equations that govern the 
velocity and temperature fields that are applicable to boundary layer flow with heat transfer. 
Section 6.4.1 presents the laminar boundary layer equations, and Appendix F gives the cor- 
responding equations for turbulent conditions. In Section 6.5, these equations will be used 
to determine important dimensionless parameters associated with convection that will be 
used extensively in subsequent chapters. 


6.4.1 Boundary Layer Equations for Laminar Flow 


Motion of a fluid in which there are coexisting velocity and temperature gradients must 
comply with several fundamental laws of nature. In particular, at each point in the fluid, con- 
servation of mass and energy, as well as Newton’s second law of motion, must be satisfied. 
Equations representing these requirements are derived by applying the laws to a differential 
control volume situated in the flow. The resulting equations, in Cartesian coordinates, for the 
steady, two-dimensional flow of an incompressible fluid with constant properties are given 
in Appendix E. These equations serve as starting points for our analysis of laminar boundary 
layers. Note that turbulent flows are inherently unsteady, and the equations governing them 
are presented in Appendix F. 

We begin by restricting attention to applications for which body forces are negligible 
(X = Y = 0 in Equations E.2 and E.3) and there is no thermal energy generation in the fluid 
(q = 0 in Equation E.4). Additional simplifications may be made by invoking approxima- 
tions pertinent to conditions in the velocity and thermal boundary layers. The boundary 
layer thicknesses are typically very small relative to the size of the object upon which they 
form, and the x-direction velocity and temperature must change from their surface to their 


G2, These equations are derived in Section 6S.1. 
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free stream values over these very small distances. Therefore, gradients normal to the 
object’s surface are much larger than those along the surface. As a result, we can neglect 
terms that represent x-direction diffusion of momentum and thermal energy relative to their 
y-direction counterparts. That is [2, 3]: 


Fu .0u FT FT (6.13) 
ax? dy” Or ay’ 

By neglecting the x-direction terms, we are assuming the net shear stress and conduction 

heat flux in the x-direction to be negligible. Furthermore, because the boundary layer is so 

thin, the x-direction pressure gradient within the boundary layer can be approximated as the 

free stream pressure gradient: 


se (6.14) 


The form of p(x) depends on the surface geometry and may be obtained from a separate 
consideration of flow conditions in the free stream where shear stresses are negligible [4]. 
Hence, the pressure gradient may be treated as a known quantity. 

With the foregoing simplifications and approximations, the overall continuity equation 
is unchanged from Equation E.1: 


es 0 (6.15) 


This equation is an outgrowth of applying conservation of mass to the differential, 
dx-dy+1 control volume shown in Figure 6.7. The two terms represent the net outflow 
(outflow minus inflow) of mass in the x- and y-directions, the sum of which must be zero 
for steady flow. 

The x-momentum equation (Equation E.2) reduces to: 


On Ou) dpa a 
Be Oe ai ore ee (6.16) 


This equation results from application of Newton’s second law of motion in the x-direction 
to the dx-dy-1 differential control volume in the fluid. The left-hand side represents the net 
rate at which x-momentum leaves the control volume due to fluid motion across its bound- 
aries. The first term on the right-hand side represents the net pressure force, and the second 
term represents the net force due to viscous shear stresses. 

The energy equation (Equation E.4) reduces to 


2 2 
Sle nae dalieg a2) Gin 


Ox dy © Oy? Cp \ dy 


This equation results from application of conservation of energy to the dx-dy-1 differ- 
ential control volume in the flowing fluid. Terms on the left-hand side account for the 
net rate at which thermal energy leaves the control volume due to bulk fluid motion 
(advection). The first term on the right-hand side accounts for the net inflow of thermal 
energy due to y-direction conduction. The last term on the right-hand side is what 
remains of the viscous dissipation, Equation E.5, when it is acknowledged that, in a 
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boundary layer, the velocity component in the direction along the surface, u, is much 
larger than that normal to the surface, v, and gradients normal to the surface are much larger 
than those along the surface. In many situations this term may be neglected relative to 
those that account for advection and conduction. However, aerodynamic heating that 
accompanies high-speed (especially supersonic) flight is a noteworthy situation in 
which this term is important. 

After specifying appropriate boundary conditions, Equations 6.15 through 6.17 may be 
solved to determine the spatial variations of u, v, and T in the different laminar boundary 
layers. For incompressible, constant property flow, Equations 6.15 and 6.16 are uncoupled 
from Equation 6.17. That is, Equations 6.15 and 6.16 may be solved for the velocity field, 
u(x, y) and v(x, y), without consideration of Equation 6.17. From knowledge of u(x, y), the 
velocity gradient (du/dy)|,-) could then be evaluated, and the wall shear stress could be 
obtained from Equation 6.2. In contrast, through the appearance of wu and v in Equation 6.17, 
the temperature is coupled to the velocity field. Hence u(x, y) and v(x, y) must be known 
before Equation 6.17 may be solved for T(x, y). Once T(x, y) has been obtained from such 
solutions, the convection heat transfer coefficient may be determined from Equation 6.5. It 
follows that this coefficient depends strongly on the velocity field. 

Because boundary layer solutions generally involve mathematics beyond the scope of 
this text, our treatment of such solutions will be restricted to the analysis of laminar parallel 
flow over a flat plate (Section 7.2 and Appendix G). However, other analytical solutions are 
discussed in advanced texts on convection [5—7], and detailed boundary layer solutions 
may be obtained by using numerical (finite-difference or finite-element) techniques [8]. It 
is also essential to recognize that a wide array of situations of engineering relevance 
involve turbulent convective heat transfer, which is both mathematically and physically 
more complex than laminar convection. The boundary layer equations for turbulent flow 
are included in Appendix F. 

It is important to stress that we have not developed the laminar boundary layer equa- 
tions primarily for the purpose of obtaining solutions. Rather, we have been motivated 
mainly by two other considerations. One motivation has been to obtain an appreciation for 
the physical processes that occur in boundary layers. These processes affect wall friction 
and energy transfer in the boundary layers. A second important motivation arises from the 
fact that the equations may be used to identify key boundary layer similarity parameters, 
as well as important analogies between momentum and heat transfer that have numerous 
practical applications. The laminar governing equations will be used for this purpose in 
Sections 6.5 through 6.7, but the same key parameters and analogies hold true for turbulent 
conditions as well. 


6.4.2 Compressible Flow 


The equations of the foregoing section and Appendix E are restricted to incompressible flows, 
that is, for cases where the fluid density can be treated as constant.’ Flows in which the fluids 
experience significant density changes as a result of pressure variations associated with the 
fluid motion are deemed to be compressible. The treatment of convection heat transfer associ- 
ated with compressible flow is beyond the scope of this text. Although liquids may nearly 


‘Chapter 9 addresses flows that arise due to the variation of density with temperature. These free convection 
flows can nearly always be treated as if the fluid is incompressible but with an extra term in the momentum equa- 
tion to account for buoyancy forces. 
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always be treated as incompressible, density variations in flowing gases should be considered 
when the velocity approaches or exceeds the speed of sound. Specifically, a gradual transition 
from incompressible to compressible flow in gases occurs at a critical Mach number of 
Ma, ~ 0.3, where Ma = V/a and V and_a are the gas velocity and speed of sound, respec- 
tively [9, 10]. For an ideal gas, a = Vy RT where y is the ratio of specific heats, y = c,/c,, R 
is the gas constant, and the temperature is expressed in kelvins. As an example, for air at 
T = 300K and p = | atm, we may assume ideal gas behavior. The gas constant is R = R/M = 
8315 J/kmol: K/28.7 kg/kmol = 287 J/kg-K and c, = c, — R = 1007 J/kg: K — 287 J/kg K = 
720 J/kg: K. The ratio of specific heats is therefore y = ¢,/c, = 1007 J/kg: K/720 J/kg: K = 1.4, 
and the speed of sound is a = V1.4 X 287 J/kg-K X 300K = 347 m/s. Hence air flowing at 
300 K must be treated as being compressible if V > 0.3 * 347 m/s = 100 m/s. 

Since the material in Chapters 6 through 9 is restricted to incompressible or low-speed 
flow, it is important to confirm that compressibility effects are not important when utilizing 
the material to solve a convection heat transfer problem.” 


6.5 Boundary Layer Similarity: The Normalized 
Boundary Layer Equations 


If we examine Equations 6.16 and 6.17 we note a strong similarity. In fact, if the pressure 
gradient appearing in Equation 6.16 and the viscous dissipation term of Equation 6.17 are 
negligible, the two equations are of the same form. Both equations are characterized by 
advection terms on the left-hand side and a diffusion term on the right-hand side. This situ- 
ation describes low-speed, forced convection flows, which are found in many engineering 
applications. Implications of this similarity may be developed in a rational manner by first 
nondimensionalizing the governing equations. 


6.5.1 Boundary Layer Similarity Parameters 


The boundary layer equations are normalized by first defining dimensionless independent 
variables of the forms 


xt=t and yt=2 (6.18) 


where L is a characteristic length for the surface of interest (e.g., the length of a flat plate). 
Moreover, dependent dimensionless variables may also be defined as 


wea and pr =U (6.19) 
Vv V 
where V is the velocity upstream of the surface (Figure 6.7), and as 
pea tte (6.20) 
 T,,—T, 


>Turbulence and compressibility often coincide, since large velocities can lead to large Reynolds and Mach num- 
bers. It can be shown (Problem 6.26) that, for sufficiently small geometries, any flow that is turbulent is also 
compressible. 
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The dimensional variables may then be written in terms of the new dimensionless vari- 
ables (for example, from Equation 6.18 x = x*L and y = y*L) and the resulting expres- 
sions for x, y, u, v, and T may be substituted into Equations 6.16 and 6.17 to obtain the 
dimensionless forms of the conservation equations shown in Table 6.1. Note that vis- 
cous dissipation has been neglected and that p* = (p,./pV’) is a dimensionless pressure. 
The y-direction boundary conditions required to solve the equations are also shown in 
the table. 

By normalizing the boundary layer equations, two very important dimensionless simi- 
larity parameters evolve and are introduced in Table 6.1. They are the Reynolds number, 
Re, and Prandtl number, Pr. Such similarity parameters are important because they allow 
us to apply results obtained for a surface experiencing one set of convective conditions to 
geometrically similar surfaces experiencing entirely different conditions. These conditions 
may vary, for example, with the fluid, the fluid velocity as described by the free stream 
value V, and/or the size of the surface as described by the characteristic length L. As long 
as the similarity parameters and dimensionless boundary conditions are the same for two 
sets of conditions, the solutions of the differential equations of Table 6.1 for the nondimen- 
sional velocity and temperature will be identical. This concept will be amplified in the 
remainder of this section. 


6.5.2 Functional Form of the Solutions 


Equations 6.21 through 6.26 in Table 6.1 are extremely useful from the standpoint of sug- 
gesting how important boundary layer results may be simplified and generalized. The 
momentum equation (6.21) suggests that, although conditions in the velocity boundary layer 
depend on the fluid properties p and ys, the velocity V, and the length scale L, this depen- 
dence may be simplified by grouping these variables in the form of the Reynolds number. 
We therefore anticipate that the solution to Equation 6.21 will be of the functional form 


dp* 
= * y*, Re,, —— 6.27 
veleeae) = 
Since the pressure distribution p*(x*) depends on the surface geometry and may be obtained 
independently by considering flow conditions in the free stream, the appearance of dp*/dx* 


in Equation 6.27 represents the influence of geometry on the velocity distribution. 
From Equations 6.2, 6.18, and 6.19, the shear stress at the surface, y* = 0, may be 


expressed as 
_ @ ou* 
yo \ L ) ay* 


and from Equations 6.1 and 6.25, it follows that the friction coefficient is 


_ ou 
Ts Boy 


y*=0 


Friction Coefficient: 


Ce ee 
f pV7/2 Re, dy* 


(6.28) 


y*=0 


From Equation 6.27 we also know that 


dp* 
= ok R. ae, 
y*=0 r(x ~— ) 


ou* 
oy* 


TABLE 6.1 The boundary layer equations and their y-direction boundary conditions in nondimensional form 


Boundary Conditions 
Boundary Similarity 
Layer Conservation Equation Wall Free Stream Parameter(s) 


a | 


POE 


U012920QU0') OF UOTZONpOAUyT B YO aoydeyy 
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Hence, for a prescribed geometry Equation 6.28 may be expressed as 
C,= 2 fix*, Re,) (6.29) 
Re, 


The significance of this result should not be overlooked. Equation 6.29 states that the 
friction coefficient, a dimensionless parameter of considerable importance to the engineer, 
may be expressed exclusively in terms of a dimensionless space coordinate and the 
Reynolds number. Hence, for a prescribed geometry we expect the function that relates C; 
to x* and Re, to be universally applicable. That is, we expect it to apply to different fluids 
and over a wide range of values for V and L. 

Similar results may be obtained for the heat transfer coefficient. Intuitively, we might 
anticipate that depends on the fluid properties (k, c,, 4, and p), the fluid velocity V, the 
length scale L, and the surface geometry. However, Equation 6.22 suggests the manner in 
which this dependence may be simplified. In particular, the solution to this equation may be 
expressed in the form 


dp* 
T* = f\ x*, y*, Re,, Pr, — (6.30) 
dx* 
where the dependence on dp*/dx* originates from the influence of the geometry on the 
fluid motion (u* and v*), which, in turn, affects the thermal conditions. Once again the term 
dp*/dx* represents the effect of surface geometry. From the definition of the convection 
coefficient, Equation 6.5, and the dimensionless variables, Equations 6.18 and 6.20, we 
also obtain 


Ke(To —T,) oT* 
L(T,— Tx) dy* 


Kp 97% 
as ¢ OT 
yo Loy 


y*=0 


This expression suggests defining an important dependent dimensionless parameter termed 
the Nusselt number. 


Nusselt Number: 


Eine oe 


Nu= 


(6.31) 


Val 


This parameter is equal to the dimensionless temperature gradient at the surface, and it pro- 
vides a measure of the convection heat transfer occurring at the surface. From Equation 
6.30 it follows that, for a prescribed geometry, 


Nu = f(x*, Re,, Pr) (6.32) 


The Nusselt number is to the thermal boundary layer what the friction coefficient is to 
the velocity boundary layer. Equation 6.32 implies that for a given geometry, the Nusselt 
number must be some universal function of x*, Re,, and Pr. If this function were known, it 
could be used to compute the value of Nu for different fluids and for different values of V 
and L. From knowledge of Nu, the local convection coefficient h may be found and the 
local heat flux may then be computed from Equation 6.4. Moreover, since the average heat 
transfer coefficient is obtained by integrating over the surface of the body, it must be 
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independent of the spatial variable x*. Hence the functional dependence of the average 
Nusselt number is 


Na = = = (Re, Pr) (6.33) 
f 


From the foregoing development we have obtained the relevant dimensionless parame- 
ters for low-speed, forced-convection boundary layers. We have done so by nondimension- 
alizing the differential equations that describe the physical processes occurring within the 
boundary layers. An alternative approach could have involved the use of dimensional 
analysis in the form of the Buckingham pi theorem [4]. However, the success of that 
method depends on one’s ability to select, largely from intuition, the various parameters 
that influence a problem. For example, knowing beforehand that h = fk, Cy Py By V, L), 
one could use the Buckingham pi theorem to obtain Equation 6.33. However, having begun 
with the differential form of the conservation equations, we have eliminated the guesswork 
and have established the similarity parameters in a rigorous fashion. 

The importance of an expression such as Equation 6.33 should be fully appreciated. It 
states that values of the average heat transfer coefficient h, whether obtained theoretically, 
experimentally, or numerically, can be completely represented in terms of only three dimen- 
sionless groups, instead of the original seven dimensional parameters. The convenience and 
power afforded by such simplification will become evident in Chapters 7 through 10. More- 
over, once the form of the functional dependence of Equation 6.33 has been obtained for a 
particular surface geometry, let us say from laboratory measurements, it is known to be uni- 
versally applicable. By this we mean that it may be applied for different fluids, velocities, 
and length scales, as long as the assumptions implicit in the originating boundary layer equa- 
tions remain valid (e.g., negligible viscous dissipation and body forces). 


EXAMPLE 6.3 

=e 

Experimental tests using air as the working fluid are conducted on a portion of the turbine 
blade shown in the sketch. The heat flux to the blade at a particular point (x*) on the surface 
is measured to be g" = 95,000 W/m’. To maintain a steady-state surface temperature of 
800°C, heat transferred to the blade is removed by circulating a coolant inside the blade. 


q'(x*) = 95,000 W/m? 


V= 160 m/s 
T= 1150°C 
a a 
———_ 
—_ 


Original 
conditions 


1. Determine the heat flux to the blade at x* if its temperature is reduced to T,,; = 700°C 
by increasing the coolant flow. 


T, = 800°C 


Coolant channel 


2. Determine the heat flux at the same dimensionless location x* for a similar turbine 
blade having a chord length of L = 80mm, when the blade operates in an airflow at 
T.. = 1150°C and V = 80 m/s, with T, = 800°C. 
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SOLUTION 


Known: Operating conditions of an internally cooled turbine blade. 


Find: 
1. Heat flux to the blade at a point x* when the surface temperature is reduced. 


2. Heat flux at the same dimensionless location to a larger turbine blade of the same 
shape with reduced air velocity. 


Schematic: 
ne Dene T= 700°C ae ms ot ee 
— L=40 a / 
a, 
Case 1 Case 2 
Assumptions: 


1. Steady-state, incompressible flow. 


2. Constant air properties. 


Analysis: 


1. When the surface temperature is 800°C, the local convection heat transfer coefficient 
between the surface and the air at x* can be obtained from Newton’s law of cooling: 


q’ a K(T.. ~~ T;) 
Thus, 


——— 
(T= 1) 


We proceed without calculating the value for now. From Equation 6.32, it follows that, 
for the prescribed geometry, 
Nu = th = f(x*, Re, Pr) 

Hence, since there is no change in x*, Re,;, or Pr associated with a change in 7, for 
constant properties, the local Nusselt number is unchanged. Moreover, since L and k 
are unchanged, the local convection coefficient remains the same. Thus, when the sur- 
face temperature is reduced to 700°C, the heat flux may be obtained from Newton’s 
law of cooling, using the same local convection coefficient: 


q" 95,000 W/m? 

T.. —T,.) = : 
(T.. — Ty! i) (1150 — 800)°C 
= 122,000 W/m? <J 


qi a WT... T,1) = 


(1150 — 700)°C 
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2. To determine the heat flux at x* associated with the larger blade and the reduced airflow 
(case 2), we first note that, although L has increased by a factor of 2, the velocity has 
decreased by the same factor and the Reynolds number has not changed. That is, 


Re, = 
Accordingly, since x* and Pr are also unchanged, the local Nusselt number remains 
the same. 
Ni Uy = Nu 


Because the characteristic length is different, however, the local convection coefficient 
changes, where 


a” 


hobo AL ae eee | L 
——=— o h=h 

kok ly (o—T) Ls 

The heat flux at x* is then 
(Ta= TF) L 

(a h T: _ ie — iN s 

q2 of 9) (T.. —T) L, 
0.04 m 


= 47,500 W/m? < 


— 2 x 
q's = 95,000 W/m? x — 


Comments: 


1. If the Reynolds numbers for the two situations of part 2 differed, that is, Re, , # Re;, 
the local heat flux g’; could be obtained only if the particular functional dependence of 
Equation 6.32 were known. Such forms are provided for many different shapes in sub- 
sequent chapters. 


2. Air temperatures in the boundary layer range from the blade surface temperature 
T, to the ambient value 7,,. Hence, as will become evident in Section 7.1 representa- 
tive air properties could be evaluated at arithmetic mean or film temperatures of Tp; = 
(Fa + Ta)2 = (O0'C + 1150°C)2 = 925°C and T,, = (800°C + 1150°C)2 = 975°C, 
respectively. Based on properties corresponding to these film temperatures, the 
Reynolds (and Nusselt) numbers for the two cases would be slightly different. How- 
ever, the difference would not be large enough to significantly change the calculated 
value of the local heat flux for case 2. 

3. At T= 1150°C = 1423 K, c,=c, — R = 1167 J/kg: K — 287 J/kg: K = 880 J/kg: K, 
and the specific heat ratio is y = c,/c, = 1167 J/kg: K/880 J/kg - K = 1.33. Assuming 
the_air behaves as an ideal gas, the speed of sound in the air is a= V yRT = 
V 1.33 X 287 J/kg-K X 1423 K = 736 m/s. Therefore Ma = V/a = 0.22 and 0.11 for 
cases | and 2, respectively. Hence the flow is incompressible in both cases. If the flow 
were to be compressible for either case, the Nusselt number would also depend on the 
Mach number, and the two cases would not be similar. 
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EXAMPLE 6.4: 

SESS 

Consider convective cooling of a two-dimensional streamlined strut of characteristic length 
Ly, = 40 mm. The strut is exposed to hydrogen flowing at py, = 2 atm, Vy, = 8.1 m/s, and 
T.. 4, = —30°C. Of interest is the value of the average heat transfer coefficient hy, when 
the surface temperature is Ty, = — 15°C. Rather than conducting expensive experiments 
involving pressurized hydrogen, an engineer proposes to take advantage of similarity by 
performing wind tunnel experiments using air at atmospheric pressure with T,, 4; = 23°C. 
A geometrically similar strut of characteristic length L,;, = 60 mm and perimeter P = 150 mm 
is placed in the wind tunnel. Measurements reveal a surface temperature of T, 4;, = 30°C 
when the heat loss per unit object length (into the page) is q/;, = 50 W/m. Determine the 
required air velocity in the wind tunnel experiment V,;, and the average convective heat 
transfer coefficient in the hydrogen hy. 


SOLUTION 


Known: Flow across a strut. Hydrogen pressure, velocity, and temperature. Air tempera- 
ture and pressure, as well as heat loss per unit length. Surface temperatures of the strut in 
hydrogen and in air. 


Find: Air velocity and average convective heat transfer coefficient for the strut that is 
exposed to hydrogen. 


Schematic: 
Hy Air 
_ T, nin = 30°C 
Py, = 2 atm Pay = 1 atm s Air 
T..Hp = ~ 30°C T. pi, = 23°C 
Vy, = 8.1 mis THz = — 15°C P= 150mm 
— —> 
— ee 
fp —t4,= 40 mm —a +} — tay = 60 mm 
Case 1: Hydrogen Case 2: Air 
Assumptions: 


1. Steady-state, incompressible boundary layer behavior. 
2. Ideal gas behavior. 
3. Constant properties. 
4. Negligible viscous dissipation. 
Properties: Table A4, air (p=latm, T;= (23°C + 30°C)/2 = 26.5°C ~ 300K): 


Pr = 0.707, v = 15.89 X 10°° m’/s, k = 26.3 X 10°? W/m:K. Table A.4 hydrogen (p = 
1 atm, T; = —22.5°C ~ 250 K): Pr = 0.707, v = 81.4 X 10°° m’/s, k = 157 X 107° Wim: K. 
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The properties k, Pr, c,, and jz may be assumed to be independent of pressure to an excellent 
approximation. However, for a gas, the kinematic viscosity v = w/p will vary with pressure 
through its dependence on density. From the ideal gas law, p = p/RT, it follows that the ratio 
of kinematic viscosities for a gas at the same temperature but at different pressures, p, and pp, 
is (V,/Vv,) = (p./p,). Hence, the kinematic viscosity of hydrogen at 250K and 2 atm is 
Vy, = 81.4 X 10° m’/s X 1 atm/2 atm = 40.7 X 10° m/s. Since Pr is independent of pres- 
sure, Pry(p = 2 atm, Ty = —22.5°C) = Pri, (p = Latm, T; = 26.5°C) = 0.707. 


Analysis: From Equation 6.33, we know that the average Nusselt numbers are related to 
the Reynolds and Prandtl numbers by the functional dependence 


hy Lu, 


Nuy, = 


— Ag Las 
= (Reps, Pri) and Nuiyy = SEA = f(Re_ piv Pre) 
Air 
Since Pry, = Pra; similarity exists if Re; 4, = Re, y,, in which case the average Nusselt 
numbers for the air and hydrogen will be identical, Nui, = Nuy,- Equating the Reynolds 
numbers for the hydrogen and air yields the expression 


Rep Page Repu Vair Vu LuV air 
Vee = = = 


Linge Lai Vy Lair 


_ 8.1 m/s X 0.04 m X 15.89 X 10° m’/ 


s 
35 = 2.10 m/s <J 
40.7 x 10 ° m‘/s X 0.06 m 


With Re, i, = Re; y, and Pra;, = Pry,, we may equate the Nusselt numbers for the hydrogen 
and air, and incorporate Newton’s law of cooling. Doing so gives 


ai Loiky, _ Dir “ Lairku, 
. a Ly Kaic i CT = Toni) Ly Kaic 


150 X 103m X (30 — 23)°C 0.04 m X 0.0263 W/m-K 


Comments: 


1. The fluid properties are evaluated at the arithmetic mean of the free stream and surface 
temperatures. As will become evident in Section 7.1, the temperature dependence of 
fluid properties is often accounted for by evaluating properties at the film temperature, 
Ee= (1h Talla. 

2. Experiments involving pressurized hydrogen can be relatively expensive because care 
must be taken to prevent leakage of this small-molecule, flammable gas. 


6.6 Physical Interpretation of the Dimensionless Parameters 


All of the foregoing dimensionless parameters have physical interpretations that relate to 
conditions in the flow, not only for boundary layers but also for other flow types, such as 
the internal flows we will see in Chapter 8. Consider the Reynolds number Re, 
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(Equation 6.25), which may be interpreted as the ratio of inertia to viscous forces in a 
region of characteristic dimension L. Inertia forces are associated with an increase in the 
momentum of a moving fluid. From Equation 6.16, it is evident that these forces (per 
unit mass) are of the form udu/dx, in which case an order-of-magnitude approximation 
gives F, ~ V’/L. Similarly, the net shear force (per unit mass) is found on the right-hand 
side of Equation 6.16 as 1(d°u/dy”) and may be approximated as F, ~ vV/L’. Therefore, 
the ratio of forces is 


a pVIL — pVL | 
F, pVIL? M 


Re, 


We therefore expect inertia forces to dominate for large values of Re, and viscous forces to 
dominate for small values of Re;. 

There are several important implications of this result. Recall from Section 6.3.1 that 
the Reynolds number determines the existence of laminar or turbulent flow. We should also 
expect the magnitude of the Reynolds number to influence the velocity boundary layer 
thickness 6. With increasing Re, at a fixed location on a surface, we expect viscous forces 
to become less influential relative to inertia forces. Hence the effects of viscosity do not 
penetrate as far into the free stream, and the value of 6 diminishes. 

The Prandtl number is defined as the ratio of the kinematic viscosity, also referred to 
as the momentum diffusivity, v, to the thermal diffusivity a. It is therefore a fluid property. 
The Prandtl number provides a measure of the relative effectiveness of momentum and 
energy transport by diffusion in the velocity and thermal boundary layers, respectively. 
From Table A.4 we see that the Prandtl number of gases is near unity, in which case energy 
and momentum transfer by diffusion are comparable. In a liquid metal (Table A.7), Pr < 1 
and the energy diffusion rate greatly exceeds the momentum diffusion rate. The opposite is 
true for oils (Table A.5), for which Pr >1. From this interpretation it follows that the value 
of Pr strongly influences the relative growth of the velocity and thermal boundary layers. In 
fact for laminar boundary layers (in which transport by diffusion is not overshadowed by 
turbulent mixing), it is reasonable to expect that 


7 ~ Pr" (6.34) 


t 


where n is a positive exponent. Hence for a gas 6, ~ 6; for a liquid metal 6, > 6; for an oil 
6, <6. 

Table 6.2 lists the dimensionless groups that appear frequently in heat transfer. The list 
includes groups already considered, as well as those yet to be introduced for special condi- 
tions. As a new group is confronted, its definition and interpretation should be committed 
to memory. Note that the Grashof number provides a measure of the ratio of buoyancy 
forces to viscous forces in the velocity boundary layer. Its role in free convection (Chapter 
9) is much the same as that of the Reynolds number in forced convection. The Eckert num- 
ber provides a measure of the kinetic energy of the flow relative to the enthalpy difference 
across the thermal boundary layer. It plays an important role in high-speed flows for which 
viscous dissipation is significant. Note also that, although similar in form, the Nusselt and 
Biot numbers differ in both definition and interpretation. Whereas the Nusselt number is 
defined in terms of the thermal conductivity of the fluid, the Biot number is based on the 
solid thermal conductivity, Equation 5.9. 
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TABLE 6.2 Selected dimensionless groups of heat transfer 


Group 


Biot number 
(Bi) 
Bond number 


(Bo) 


Coefficient 
of friction 


(Cy) 

Eckert number 
(Ec) 

Fourier number 
(Fo) 

Friction factor 
(f) 

Grashof number 
(Gr;) 

Colburn j factor 
Gin) 

Jakob number 
(Ja) 

Mach number 


(Ma) 


Nusselt number 
(Nu;) 


Peclet number 
(Pe,) 


Prandtl number 
(Pr) 


Reynolds number 


(Re;) 


Stanton number 
(St) 


Weber number 
(We) 


Definition 


hL 

k, 

8(p; ~~ py)L? 
Oo 


T 


Ss 


pv7/2 


(L/D) pu2,/2) 


m 


gB(T, — Too)L? 


v 


St Pr® 
CTs — Tsar) 


Interpretation 


Ratio of the internal thermal resistance of a solid to the 
boundary layer thermal resistance 


Ratio of gravitational and surface tension forces 


Dimensionless surface shear stress 


Kinetic energy of the flow relative to the boundary layer 
enthalpy difference 


Ratio of the heat conduction rate to the rate of thermal 
energy storage in a solid. Dimensionless time 


Dimensionless pressure drop for internal flow 


Measure of the ratio of buoyancy forces to viscous forces 
Dimensionless heat transfer coefficient 

Ratio of sensible to latent energy absorbed during 
liquid—vapor phase change 

Ratio of velocity to speed of sound 

Ratio of convection to pure conduction heat transfer 
Ratio of advection to conduction heat transfer rates 


Ratio of the momentum and thermal diffusivities 


Ratio of the inertia and viscous forces 


Modified Nusselt number 


Ratio of inertia to surface tension forces 


6.7 Momentum and Heat Transfer (Reynolds) Analogy 


As engineers, our interest in boundary layer behavior is directed principally toward the 
dimensionless parameters C; and Nu. From knowledge of these parameters, we may com- 
pute the wall shear stress and the convection heat transfer rate. It is therefore understand- 
able that an expression that relates C; and Nu can be a useful tool in convection analysis. 
Such an expression is available in the form of a boundary layer analogy. 
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If two or more processes are governed by dimensionless equations of the same form, 
the processes are said to be analogous. From Table 6.1, we note that, if dp*/dx* = 0 and 
Pr = 1, Equations 6.21 and 6.22 are of precisely the same form. Each equation is com- 
posed of analogous advection and diffusion terms, and the coefficient of the diffusion term 
is the reciprocal Reynolds number. Moreover, since u., = V if dp*/dx* = 0, the boundary 
conditions, Equations 6.23 and 6.24, are equivalent. With governing differential equations 
and boundary conditions of the same form, it follows that dimensionless relations that gov- 
ern velocity boundary layer behavior must be the same as those that govern the thermal 
boundary layer. Hence the boundary layer velocity and temperature profiles must be of the 
same functional form. 

Recalling the discussion of Section 6.5.2, features of which are summarized in 
Table 6.3, the momentum and heat transfer analogy may be obtained. From the forego- 
ing paragraph, it follows that the functional form of Equation 6.27 must be the same as 
that of Equation 6.30. From Equations 6.28 and 6.31 it also follows that the dimension- 
less velocity and temperature gradients at the surface, and therefore the values of C, and 
Nu, are analogous. That is, the functional form of Equation 6.29 is the same as that of 
Equation 6.32. Accordingly, friction and heat transfer relations for a particular geometry 
are interchangeable. We conclude that 


Re, 


Replacing Nu by the Stanton number (St), 
h Nu 
St= a 6.36 
pVc, RePr ( ) 
the analogy takes the form 
C 
os = St (6.37) 


Equation 6.37 is known as the Reynolds analogy, and it relates the key engineering 
parameters of the velocity and thermal boundary layers. If the velocity parameter is 
known, the analogy may be used to obtain the heat transfer parameter, and vice versa. 
However, there are restrictions associated with using this result. In addition to relying on 


TABLE 6.3 Functional relations pertinent to the Reynolds analogy 


Fluid Flow Heat Transfer 
dp* a dp* 
wt = flee y* Re, 7) (627) T*= flr y* Re, Pr) (6.30) 
dx* dx* 
— 2 du* _ hk ried 
tT Re, ay*® bh (6.28) Nu = a + aes (6.31) 
Ge et (x*, Rey) (6.29) Nu = f(x*, Re,, Pr) (6.32) 


Nu = f(Re;, Pr) (6.33) 
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the validity of the boundary layer approximations, the accuracy of Equation 6.37 depends 
on having Pr ~ | and dp*/dx* ~ 0. However, it has been shown that the analogy may be 
applied over a wide range of Pr, if a Prandtl number correction is added. In particular the 
modified Reynolds, or Chilton—Colburn, analogy [11, 12], has the form 


C 
mt =StPr=j,  06<Pr<60 (6.38) 


where jy is the Colburn j factor for heat transfer. For laminar flow, Equation 6.38 is only 
appropriate when dp*/dx* ~ O, but in turbulent flow, conditions are less sensitive to the effect 
of pressure gradients and the equation remains approximately valid. If the analogy is applica- 
ble at every point on a surface, it may be applied to the surface average coefficients. 


6.86 Summary 


In this chapter we have considered several fundamental issues related to convection transport 
phenomena. In the process, however, you should not lose sight of what remains the problem 
of convection. Our primary objective is still one of developing means to determine the con- 
vection coefficient h. Although this coefficient may be obtained by solving the boundary 
layer equations, it is only for simple flow situations that such solutions are readily effected. 
The more practical approach frequently involves calculating 4 from empirical relations of the 
form given by Equation 6.32. The particular form of these equations is obtained by correlat- 
ing measured convection heat transfer results in terms of appropriate dimensionless groups. It 
is this approach that is emphasized in the chapters that follow. 

To test your comprehension of the material, you should challenge yourself with appro- 
priate questions. 


What is the difference between a local convection heat transfer coefficient and an aver- 
age coefficient? What are their units? 

What are the forms of Newton’s law of cooling for a heat flux and a heat rate? 

What are the velocity and thermal boundary layers? Under what conditions do they 
develop? 

What quantities change with location in a velocity boundary layer? A thermal 
boundary layer? 

Recognizing that convection heat transfer is strongly influenced by conditions associ- 
ated with fluid flow over a surface, how is it that we may determine the convection heat 
flux by applying Fourier’s law to the fluid at the surface? 

Do we expect heat transfer to change with transition from a laminar to a turbulent 
boundary layer? If so, how? 

What laws of nature are embodied by the convection transfer equations? 

What physical processes are represented by the terms of the x-momentum equation 
(6.16)? By the energy equation (6.17)? 

What special approximations may be made for conditions within thin velocity and ther- 
mal boundary layers? 

What is the fi/m temperature and how is it used? 

How is the Reynolds number defined? What is its physical interpretation? What role is 
played by the critical Reynolds number? 
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¢ What is the definition of the Prandtl number? How does its value affect relative growth 
of the velocity and thermal boundary layers for laminar flow over a surface? What are 
representative room-temperature values of the Prandtl number for a liquid metal, a gas, 
water, and an oil? 

e What is the coefficient of friction? The Nusselt number? For flow over a prescribed 
geometry, what are the independent parameters that determine local and average values 
of these quantities? 

¢ Under what conditions may velocity and thermal boundary layers be termed analogous? 
What is the physical basis of analogous behavior? 


¢ What important boundary layer parameters are linked by the Reynolds analogy? 
¢ What physical features distinguish a turbulent flow from a laminar flow? 
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Problems 


1183, 1934. 


Boundary Layer Profiles 


6.1 The temperature distribution within a laminar thermal 


boundary layer associated with flow over an isothermal 
flat plate is shown in the sketch. The temperature distri- 
bution shown is located at x = x5. 


T. T. 


Free stream 


(a) Is the plate being heated or cooled by the fluid? 


(b) Carefully sketch the temperature distributions at 
x =x, and x = x3. Based on your sketch, at which 
of the three x-locations is the local heat flux largest? 
At which location is the local heat flux smallest? 


(c) As the free stream velocity increases, the velocity 
and thermal boundary layers both become thinner. 
Carefully sketch the temperature distributions at 


x = x, for (i) a low free stream velocity and (ii) a 


Bannan high free stream velocity. Based on your sketch, 
layer which velocity condition will induce the larger 


local convective heat flux? 


6.2 In flow over a surface, velocity and temperature profiles 


are of the forms 


u(y) = Ay + By? — Cy” 
T(y) = D + Ey + Fy — Gy? 


and 
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6.3 


6.4 
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where the coefficients A through G are constants. 
Obtain expressions for the friction coefficient C; and 
the convection coefficient / in terms of u,., T.., and 
appropriate profile coefficients and fluid properties. 


In a particular application involving airflow over a 
heated surface, the boundary layer temperature distribu- 
tion may be approximated as 


i pp 
(ae exp r D 


where y is the distance normal to the surface and the 
Prandtl number, Pr = c,u/k = 0.7, is a dimensionless 
fluid property. If T7,,=400K, 7T,= 300K, and 
u,,/v = 5000 m~!, what is the surface heat flux? 


Water at a temperature of T,, = 25°C flows over one of 
the surfaces of a steel wall (AISI 1010) whose tempera- 
ture is T,, = 40°C. The wall is 0.35 m thick, and its 
other surface temperature is T,, = 100°C. For steady- 
state conditions what is the convection coefficient asso- 
ciated with the water flow? What is the temperature 
gradient in the wall and in the water that is in contact 
with the wall? Sketch the temperature distribution in 
the wall and in the adjoining water. 


Heat Transfer Coefficients 


6.5 


6.6 


6.7 


aS 


For laminar flow over a flat plate, the local heat transfer 
coefficient h, is known to vary as x '”, where x is the 
distance from the leading edge (x = 0) of the plate. 
What is the ratio of the average coefficient between 
the leading edge and some location x on the plate to the 
local coefficient at x? 


A flat plate is of planar dimension 1 m X 0.75 m. For 
parallel laminar flow over the plate, calculate the ratio 
of the average heat transfer coefficients over the entire 
plate, h,,/h,>, for two cases. In Case 1, flow is in the 
short direction (L = 0.75 m); in Case 2, flow is in the long 
direction (L = 1 m). Which orientation will result in the 
larger heat transfer rate? See Problem 6.5. 


Parallel flow of atmospheric air over a flat plate of 
length L = 3m is disrupted by an array of stationary 
rods placed in the flow path over the plate. 


—> @-™ oT Pe 


Su 6. 


i ee a 
hes | 


L 


Laboratory measurements of the local convection coeffi- 
cient at the surface of the plate are made for a prescribed 
value of V and T, > T.,. The results are correlated by an 


6.8 


6.9 


6.10 


6.11 


expression of the form h, = 0.7 + 13.6x — 3.4x?, where 
h, has units of W/m?’ K and x is in meters. Evaluate the 
average convection coefficient ,, for the entire plate and 
the ratio h,/h,, at the trailing edge. 


For laminar free convection from a heated vertical sur- 
face, the local convection coefficient may be expressed 
as h, = Cx '“, where h, is the coefficient at a distance x 
from the leading edge of the surface and the quantity 
C, which depends on the fluid properties, is indepen- 
dent of x. Obtain an expression for the ratio h,/h,, 
where hi, is the average coefficient between the leading 
edge (x = 0) and the x-location. Sketch the variation of 
h, and h, with x. 


A circular, hot gas jet at T., is directed normal to a circu- 
lar plate that has radius r, and is maintained at a uniform 
temperature T,. Gas flow over the plate is axisymmetric, 
causing the local convection coefficient to have a radial 
dependence of the form h(r) = a + br’, where a, b, and 
n are constants. Determine the rate of heat transfer to the 
plate, expressing your result in terms of T.., T,, r,, a, 
b, and n. 


Experiments have been conducted to determine local 
heat transfer coefficients for flow perpendicular to a 
long, isothermal bar of rectangular cross section. The 
bar is of width c parallel to the flow, and height d nor- 
mal to the flow. For Reynolds numbers in the range 
10‘ < Re, = 5 X 10°, the face-averaged Nusselt num- 
bers are well correlated by an expression of the form 


= hdlk = C Rett Pr'? 


The values of C and m for the front face, side faces, 
and back face of the rectangular rod are found to be the 
following: 


Face cld Cc m 

Front 0.33 = c/d = 1.33 0.674 1/2 
Side 0.33 0.153 2/3 
Side 1.33 0.107 2/3 
Back 0.33 0.174 2/3 
Back 1.33 0.153 2/3 


Determine the value of the average heat transfer coeffi- 
cient for the entire exposed surface (that is, averaged over 
all four faces) of a c = 40-mm-wide, d = 30-mm-tall 
rectangular rod. The rod is exposed to air in cross flow at 
V= 10m/s, T., = 300K. Provide a plausible explana- 
tion of the relative values of the face-averaged heat trans- 
fer coefficients on the front, side, and back faces. 


A concentrating solar collector consists of a parabolic 
reflector and a collector tube of diameter D, through 


a Problems 


which flows a working fluid that is heated with concen- 
trated solar irradiation. Throughout the day, the reflec- 
tor is slowly repositioned to track the sun. For wind 
conditions characterized by a steady, horizontal flow 
normal to the tube axis, the local heat transfer coeffi- 
cient on the tube surface varies, as shown in the 
schematic for various reflector positions. 


— 
‘ D 
—- Collector tube 
i ae 
Se 
— Parabolic reflector 
—— 
—_— 
Case 1 
—— 
_ 6 Collector tube 
od 
— 
V, T. 
—> Parabolic reflector 
— 
— 
Case 2 
— 
— 0 Collector tube 
——_ 
V, T.. 6 
— 
—_ Parabolic reflector 
Sa 
— 
Case 3 
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= 
7 LCase 2 
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(a) Estimate the value of the average heat transfer 
coefficient over the entire collector tube surface for 
each of the three cases. 


(b) Assuming the tube receives the same amount of 
solar irradiation in each case, which case would 
have the highest collector efficiency? 


6.12 Air at a free stream temperature of T,, = 20°C is 


in parallel flow over a flat plate of length L = 5 m and 
temperature T, = 90°C. However, obstacles placed in 
the flow intensify mixing with increasing distance x 
from the leading edge, and the spatial variation of 
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temperatures measured in the boundary layer is corre- 
lated by an expression of the form T(°C) = 20 + 70 
exp (—600xy), where x and y are in meters. Determine 
and plot the manner in which the local convection 
coefficient h varies with x. Evaluate the average con- 
vection coefficient h for the plate. 


6.13 The heat transfer rate per unit width (normal to the page) 


from a longitudinal section, x, — x,, can be expressed as 
Go = hylx) — x;(T, -— T..), where hy is the average 
coefficient for the section of length (x) — x,). Consider 
laminar flow over a flat plate with a uniform temperature 
T,. The spatial variation of the local convection coeffi- 


cient is of the form h, = Cx '”, where C is a constant. 


dq' 
ol l 
' 1 Il 1 
—_>> qi2 I va! I 
—? | Val hood 
ie 
I ‘a gf. : 
| | 
[ing *) X2 


(a) Beginning with the convection rate equation in the 
form dq' = h, dx(T, — T.,), derive an expression 
for h;) in terms of C, x,, and x). 

(b) Derive an expression for h, in terms of x,, x5, and 
the average coefficients h, and h,, corresponding to 
lengths x, and x5, respectively. 


6.14 Experiments to determine the local convection heat 


transfer coefficient for uniform flow normal to a heated 
circular disk have yielded a radial Nusselt number dis- 
tribution of the form 


I \D n 
Nup = 0 na] + Az) | 


where both n and a are positive. The Nusselt number at 
the stagnation point is correlated in terms of the 
Reynolds (Rep = VD/v) and Prandtl numbers 


h(r = 0)D 
Nu, = “2 = ~ 0.814 Rel? Pr? 
k 
ei 
4 | 
V — 
= * — — 
| 
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Obtain an expression for the average Nusselt number, 
Nup = hD/k, corresponding to heat transfer from an 
isothermal disk. Typically, boundary layer development 
from a stagnation point yields a decaying convection 
coefficient with increasing distance from the stagnation 
point. Provide a plausible explanation for why the 
opposite trend is observed for the disk. 


An experimental procedure for validating results of 
Problem 6.14 involves preheating a copper disk to an 
initial elevated temperature 7, and recording its temper- 
ature history 7(f) as it is subsequently cooled by the 
impinging flow to a final temperature 7;. The measured 
temperature decay may then be compared with predic- 
tions based on the correlation for Nup. Assume that 
values of a = 0.30 and n = 2 are associated with the 
correlation. 

Consider experimental conditions for which a disk of 
diameter D = 50 mm and length L = 25 mm is preheated 
to T; = 1000 K and cooled to T; = 400 K by an impinging 
airflow at T,, = 300 K. The cooled surface of the disk has 
an emissivity of ¢ = 0.8 and is exposed to large, isother- 
mal surroundings for which T,,, = 7... The remaining 
surfaces of the disk are well insulated, and heat transfer 
through the supporting rod may be neglected. Using 
results from Problem 6.14, compute and plot temperature 
histories corresponding to air velocities of V = 4, 20, and 
50 m/s. Constant properties may be assumed for the cop- 
per (p = 8933 kg/m’, c, = 425 I/kg-K, k = 386 W/m:K) 
and air (v= 38.8 X 10° m/s, k= 0.0407 W/m:K, 
Pr = 0.684). 


If laminar flow is induced at the surface of a disk 
due to rotation about its axis, the local convection 
coefficient is known to be a constant, h = C, inde- 
pendent of radius. Consider conditions for which a 
disk of radius r, = 100 mm is rotating in stagnant air 
at T. = 20°C and a value of C = 20W/m’:K is 
maintained. 


Support tube 


Connections to 
electric heater 


If an embedded electric heater maintains a surface 
temperature of T, = 50°C, what is the local heat flux at 
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the top surface of the disk? What is the total electric 
power requirement? What can you say about the nature 
of boundary layer development on the disk? 


Consider the rotating disk of Problem 6.16. A disk- 
shaped, stationary plate is placed a short distance away 
from the rotating disk, forming a gap of width g. 
The stationary plate and ambient air are at T,, = 20°C. 
If the flow is laminar and the gap-to-radius ratio, 
G = g/r,, is small, the local radial Nusselt number dis- 
tribution is of the form 

h(r)r 


Nu, = = 70(1 + e794) RoW 9456 e478 
where Re, = QOr’/v [Pelle J., and S. Harmand, Exp. 
Thermal Fluid Science, 31, 165, 2007]. Determine the 
value of the average Nusselt number, Nup = hD/k 
where D = 2r,. If the rotating disk temperature is 
T, = 50°C, what is the total heat flux from the disk’s 
top surface for g = 1mm, ] = 150 rad/s? What is the 
total electric power requirement? What can you say 
about the nature of the flow between the disks? 


Boundary Layer Transition 


6.18 


6.19 


Consider airflow over a flat plate of length L = 1m 
under conditions for which transition occurs at 
x, = 0.5m based on the critical Reynolds number, 
Re, = 5 X 10°. 


(a) Evaluating the thermophysical properties of air at 
350 K, determine the air velocity. 


(b) 


In the laminar and turbulent regions, the local con- 
vection coefficients are, respectively, 


= =0:5: = 2=02 
Nam) ~ Ciam* and Pero ~ Cour x 


where, at T = 350 K, Cjam = 8.845 W/m*?*K, Cay = 
49.75 Wi/m'*-K, and x has units of m. Develop an 
expression for the average convection coefficient, 
Tigm(X), aS a function of distance from the leading 
edge, x, for the laminar region, 0 = x = x,. 


(c) Develop an expression for the average convection 
coefficient, /,,,,(x), as a function of distance from the 


leading edge, x, for the turbulent region, x, = x = L. 


(d) On the same coordinates, plot the local and average 
convection coefficients, h, and h,, respectively, as a 


function of x forO Sx =L. 


A fan that can provide air speeds up to 50 m/s is to be 
used in a low-speed wind tunnel with atmospheric air at 
25°C. If one wishes to use the wind tunnel to study flat- 
plate boundary layer behavior up to Reynolds numbers 
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6.22 


6.23 
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of Re, = 10°, what is the minimum plate length that 
should be used? At what distance from the leading edge 
would transition occur if the critical Reynolds number 
were Re... = 5 X 10°? 


Consider the flow conditions of Example 6.2 for two 
situations, one in which the flow is completely laminar, 
and the second for flow that is tripped to turbulence at 
the leading edge of the plate. Determine whether there 
is a plate length L for which the average convection 
coefficient for laminar flow is the same as the average 
convection coefficient for turbulent flow. Assume a 
water temperature of 300 K. 


Assuming a transition Reynolds number of 5 X 10°, 
determine the distance from the leading edge of a flat 
plate at which transition will occur for each of the 
following fluids when u,, = 1 m/s: atmospheric air, 
engine oil, and mercury. In each case, calculate the tran- 
sition location for fluid temperatures of 27°C and 77°C. 


To a good approximation, the dynamic viscosity p, the 
thermal conductivity k, and the specific heat c, are inde- 
pendent of pressure. In what manner do the kinematic 
viscosity v and thermal diffusivity a vary with pressure 
for an incompressible liquid and an ideal gas? Deter- 
mine a of air at 350 K for pressures of 1, 5, and 10 atm. 
Assuming a transition Reynolds number of 5 X 10°, 
determine the distance from the leading edge of a flat 
plate at which transition will occur for air at 350 K at 
pressures of 1, 5, and 10 atm with u.,, = 2 m/s. 


For the situation described in Example 6.2, the bound- 
ary layer can be tripped into a turbulent state by 
applying roughness to the surface of the flat plate at a 
particular x-location. Hence the location where transi- 
tion occurs, x., can be moved upstream relative to the 
transition location associated with the smooth plate of 
the example. Calculate and plot the average convection 
coefficient over the entire plate i for roughness applied 
over the range 0 = x, = L. What values of x, provide 
the minimum and maximum values of h? Assume the 
water temperature is 300 K. 


Similarity and Dimensionless Parameters 


6.24 


Consider a laminar boundary layer developing over a 
flat plate. The flow is incompressible. 


(a) Substitute Equations 6.18 and 6.19 into Equation 
6.23 to determine the boundary conditions in 
dimensional form associated with flow over a flat 
plate of length L. 


(b) Substitute Equations 6.18, 6.19, as well as the defi- 
nition of Re, into Equation 6.21, and compare the 
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6.26 


6.27 


6.28 


6.29 
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resulting expression with Equation 6.16. Note that 
for a flat plate, dp/dx = 0 and u., = V. 


Consider a laminar boundary layer developing over an 
isothermal flat plate. The flow is incompressible, and 
viscous dissipation is negligible. 


(a) Substitute Equations 6.18 and 6.20 into Equation 
6.24 to determine the thermal boundary conditions 
in dimensional form associated with flow over a 
flat plate of length L and temperature T,. 

Substitute Equations 6.18, 6.19, and 6.20, as well 
as the definitions of Re, and Pr, into Equation 6.22, 
and compare the resulting dimensional expression 
with Equation 6.17. 


(b) 


Experiments have shown that the transition from 
laminar to turbulent conditions for flow normal to the 
axis of a long cylinder occurs at a critical Reynolds 
number of Rep, ~ 2 X 10°, where D is the cylinder 
diameter. Moreover, the transition from incompress- 
ible to compressible flow occurs at a critical 
Mach number of Ma, ~ 0.3. For air at a pressure of 
p = 1 atm and temperature T = 27°C, determine the 
critical cylinder diameter D. below which, if the flow 
is turbulent, compressibility effects are likely to be 
important. 


An object of irregular shape has a characteristic length 
of L = | m and is maintained at a uniform surface tem- 
perature of 7, = 400 K. When placed in atmospheric air 
at a temperature of 7,, = 300K and moving with a 
velocity of V = 100 m/s, the average heat flux from the 
surface to the air is 20,000 W/m’. If a second object of 
the same shape, but with a characteristic length 
of L = 5m, is maintained at a surface temperature of 
T,= 400K and is placed in atmospheric air at 
T.. = 300 K, what will the value of the average convec- 
tion coefficient be if the air velocity is V = 20 m/s? 


Experiments have shown that, for airflow at T, = 
35°C and V, = 100 m/s, the rate of heat transfer from 
a turbine blade of characteristic length L, = 0.15m 
and surface temperature T,, = 300°C is g, = 1500 W. 
What would be the heat transfer rate from a second 
turbine blade of characteristic length L, = 0.3 m oper- 
ating at T,, = 400°C in airflow of T,, = 35°C and 
V, = 50 m/s? The surface area of the blade may be 
assumed to be directly proportional to its characteris- 
tic length. 


Experimental measurements of the convection heat 
transfer coefficient for a square bar in cross flow 
yielded the following values: 


h, = 50 W/m?- K when 


hy = 40 Wim? K 


V, = 20 m/s 


when V, = 15 m/s 
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aa 0.5m + 
—— 
Air —_ 
4 —> 
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Assume that the functional form of the Nusselt number 
is Nu = C Re” Pr", where C, m, and n are constants. 


(a) What will be the convection heat transfer coefficient 
for a similar bar with L = 1 m when V = 15 m/s? 


(b) What will be the convection heat transfer coefficient 
for a similar bar with L = 1 m when V = 30 m/s? 


(c) Would your results be the same if the side of the 
bar, rather than its diagonal, were used as the char- 
acteristic length? 


To assess the efficacy of different liquids for cooling an 
object of given size and shape by forced convection, it is 
convenient to introduce a figure of merit, F,, which com- 
bines the influence of all pertinent fluid properties on the 
convection coefficient. If the Nusselt number is governed 
by an expression of the form, Nu, ~ Re?" Pr", obtain 
the corresponding relationship between F; and the 
fluid properties. For representative values of m = 0.80 
and n=0.33, calculate values of F, for air 
(k = 0.026 W/m:K, v= 1.6 X 10° m*/s, Pr = 0.71), 
water (k = 0.600 W/m: K, v = 10°° m’/s, Pr = 5.0), and 
a dielectric liquid (k = 0.064 W/m-K, v= 10°° m/s, 
Pr = 25). Which fluid is the most effective cooling agent? 


Gases are often used instead of liquids to cool electronics 
in avionics applications because of weight considerations. 
The cooling systems are often closed so that coolants other 
than air may be used. Gases with high figures of merit (see 
Problem 6.30) are desired. For representative values of 
m = 0.85 and n = 0.33 in the expression of Problem 6.30, 
determine the figures of merit for air, pure helium, pure 
xenon (k = 0.006 W/m: K, w = 24.14 x 107° N-s/m°), 
and an ideal He-Xe mixture containing 0.75 mole fraction of 
helium (k = 0.0713 W/m: K, x = 25.95 X 10° ° N«s/m”). 
Evaluate properties at 300K and atmospheric pressure. 
For monatomic gases such as helium and xenon and their 
mixtures, the specific heat at constant pressure is well 
described by the relation c, = (5/2)R/M. 


Experimental results for heat transfer over a flat plate 
with an extremely rough surface were found to be cor- 
related by an expression of the form 


Nu, = 0.04 Re®? Pr! 


where Nu, is the local value of the Nusselt number at a 
position x measured from the leading edge of the plate. 
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6.34 


6.35 


6.36 
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Obtain an expression for the ratio of the average heat 
transfer coefficient h, to the local coefficient h,. 


Consider conditions for which a fluid with a free stream 
velocity of V = 1 m/s flows over a surface with a char- 
acteristic length of L = 1m, providing an average 
convection heat transfer coefficient of h = 100 Wm*- K. 
Calculate the dimensionless parameters Nu,, Re,, Pr, 
and j,, for the following fluids: air, engine oil, mercury, 
and water. Assume the fluids to be at 300 K. 


Consider the nanofluid of Example 2.2. 


(a) Calculate the Prandtl numbers of the base fluid and 
nanofluid, using information provided in the exam- 
ple problem. 


(b) For a geometry of fixed characteristic dimension L, 
and a fixed characteristic velocity V, determine the 
ratio of the Reynolds numbers associated with the 
two fluids, Re,;/Re,,. Calculate the ratio of the aver- 
age Nusselt numbers, Nu; n¢/Nuz,p,, that is associated 
with identical average heat transfer coefficients for 


the two fluids, Agr = Ape. 


(c) The functional dependence of the average Nusselt 
number on the Reynolds and Prandtl numbers for a 
broad array of various geometries may be expressed 


in the general form 
Nu, = AL/k = C Re” Pr'8 


where C and m are constants whose values depend 
on the geometry from or to which convection heat 
transfer occurs. Under most conditions the value of 
m is positive. For positive m, is it possible for the 
base fluid to provide greater convection heat trans- 
fer rates than the nanofluid, for conditions involv- 
ing a fixed geometry, the same characteristic 
velocities, and identical surface and ambient 
temperatures? 


For flow over a flat plate of length L, the local heat 
transfer coefficient h, is known to vary as x '”, where x 
is the distance from the leading edge of the plate. What is 
the ratio of the average Nusselt number for the entire 
plate (Nu,;) to the local Nusselt number at x = L (Nu;)? 


For laminar boundary layer flow over a flat plate with 
air at 20°C and 1 atm, the thermal boundary layer 
thickness 6, is approximately 13% larger than the 
velocity boundary layer thickness 6. Determine 
the ratio 5/6, if the fluid is ethylene glycol under the 
same flow conditions. 


Sketch the variation of the velocity and thermal bound- 
ary layer thicknesses with distance from the leading 
edge of a flat plate for the laminar flow of air, water, 
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a Problems 


engine oil, and mercury. For each case assume a mean 
fluid temperature of 300 K. 


Consider parallel flow over a flat plate for air at 300 K 
and engine oil at 380K. The free stream velocity is 
u., = 2m/s. The temperature difference between the 
surface and the free stream is the same in both cases, 
with T, > T,,. 


(a) Determine the location where transition to turbu- 
lence occurs, x,, for both fluids. 


(b) 


For laminar flow over a flat plate, the velocity 
boundary layer thickness is given by 


6 5 


= V Re, 


Calculate and plot the velocity boundary layer 
thickness 6 over the range 0 = x = x, for each fluid. 


(c) Calculate and plot the thermal boundary layer 
thickness 6, for the two fluids over the same range 
of x used in part (b). At an x-location where both 
fluids experience laminar flow conditions, explain 
which fluid has the largest temperature gradient at 
the plate surface, —ATIay|,-. Which fluid is associ- 
ated with the largest local Nusselt number Nu? 
Which fluid is associated with the largest local heat 
transfer coefficient h? 


Forced air at T,, = 25°C and V = 10 m/s is used to cool 
electronic elements on a circuit board. One such ele- 
ment is a chip, 4mm X 4mm, located 120mm from 
the leading edge of the board. Experiments have 
revealed that flow over the board is disturbed by the 
elements and that convection heat transfer is correlated 
by an expression of the form 


Nu, = 0.04 Re®® pr! 


> 1=4mm | 
—> Chip 
— Boat 
bee L=120mm 


Estimate the surface temperature of the chip if it is dis- 
sipating 30 mW. 


Consider the electronic elements that are cooled by 
forced convection in Problem 6.39. The cooling system 
is designed and tested at sea level (p ~ 1 atm), but the 
circuit board is sold to a customer in Mexico City, with 
an elevation of 2250m and atmospheric pressure of 
76.5 kPa. 
(a) Estimate the surface temperature of the chip 
located 120 mm from the leading edge of the board 
when the board is operated in Mexico City. The 
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dependence of various thermophysical properties 
on pressure is noted in Problem 6.22. 


(b) It is desirable for the chip operating temperature to 
be independent of the location of the customer. 
What air velocity is required for operation in 
Mexico City if the chip temperature is to be the 


same as at sea level? 


Consider the chip on the circuit board of Problem 6.39. 
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6.43 


To ensure reliable operation over extended periods, the 
chip temperature should not exceed 85°C. Assuming 
the availability of forced air at T,, = 25°C and applicability 
of the prescribed heat transfer correlation, compute and 
plot the maximum allowable chip power dissipation P, 
as a function of air velocity for 1 = V = 25 m/s. If the 
chip surface has an emissivity of 0.80 and the board is 
mounted in a large enclosure whose walls are at 25°C, 
what is the effect of radiation on the P.— V plot? 


A major contributor to product defects in electronic 
modules relates to stresses induced during thermal 
cycling (intermittent heating and cooling). For exam- 
ple, in circuit cards having active and passive compo- 
nents with materials of different thermal expansion 
coefficients, thermal stresses are the principal source of 
failure in component joints, such as soldered and wired 
connections. Although concern is generally for fatigue 
failure resulting from numerous excursions during the 
life of a product, it is possible to identify defective joints 
by performing accelerated thermal stress tests before 
the product is released to the customer. In such cases, it 
is important to achieve rapid thermal cycling to mini- 
mize disruptions to production schedules. 

A manufacturer of circuit cards wishes to develop 
an apparatus for imposing rapid thermal transients on 
the cards by subjecting them to forced convection char- 
acterized by a relation of the form Nu, = C Ref! Pr’, 
where m=0.8 and n= 0.33. However, he does 
not know whether to use air (k = 0.026 W/m:-k, 
v= 1.6 X 10° mV/s, Pr = 0.71) or a dielectric liquid 
(k = 0.064 W/m:K, v = 10°° m/s, Pr = 25) as the 
working fluid. Assuming equivalent air and liquid 
velocities and validity of the lumped capacitance model 
for the components, obtain a quantitative estimate of 
the ratio of the thermal time constants for the two flu- 
ids. What fluid provides the faster thermal response? 


The defroster of an automobile functions by discharg- 
ing warm air on the inner surface of the windshield. To 
prevent condensation of water vapor on the surface, the 
temperature of the air and the surface convection coeffi- 
cient (T..;, hj) must be large enough to maintain a 
surface temperature T,; that is at least as high as the 
dewpoint (T,; = Typ). 
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Consider a windshield of length L = 800mm and 
thickness ¢ = 6mm and driving conditions for which 
the vehicle moves at a velocity of V = 70 mph in ambi- 
ent air at T.,,, = —15°C. From laboratory experiments 
performed on a model of the vehicle, the average con- 
vection coefficient on the outer surface of the wind- 
shield is known to be correlated by an expression of the 
form Nu, = 0.030 Re?* Pr'?, where Re, = VL/v. Air 
properties may be approximated as k = 0.023 W/m:K, 
v= 12.5X 10 °m%/s, and Pr=0.71. If Ty, = 10°C 
and T,,; = 50°C, what is the smallest value of h; 
required to prevent condensation on the inner surface? 


6.44 A microscale detector monitors a steady flow (T., = 
27°C, V= 10m/s) of air for the possible presence of 
small, hazardous particulate matter that may be suspended 
in the room. The sensor is heated to a slightly higher tem- 
perature to induce a chemical reaction associated with 
certain substances of interest that might impinge on the 
sensor’s active surface. The active surface produces an 
electric current if such surface reactions occur; the elec- 
tric current is then sent to an alarm. To maximize the 
sensor head’s surface area and, in turn, the probability 
of capturing and detecting a particle, the sensor head is 
designed with a very complex shape. The value of the 
average heat transfer coefficient associated with the 
heated sensor must be known so that the required elec- 
trical power to the sensor can be determined. 


Particulate- | ——» _— Hydrogen — —_ 
laden —_ pe py pc arerssit i 
room . L, <*> id — Li 
air T., V —_ — P=0.5atm —+ —- 
Heated Heated 
sensor model 


Consider a sensor with a characteristic dimension of 
L, = 80 um. A scale model of the sensor is placed in a 
recirculating (closed) wind tunnel using hydrogen as 
the working fluid. If the wind tunnel operates at a 
hydrogen absolute pressure of 0.5 atm and velocity of 
V=0.5 m/s, find the required hydrogen temperature 
and characteristic dimension of the scale model, L 


‘m* 
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6.45 A thin, flat plate that is 0.2m xX 0.2m on a side is 
oriented parallel to an atmospheric airstream having a 
velocity of 40 m/s. The air is at a temperature of 
T.. = 20°C, while the plate is maintained at T, = 120°C. 
The air flows over the top and bottom surfaces of the 
plate, and measurement of the drag force reveals a value 
of 0.075 N. What is the rate of heat transfer from both 
sides of the plate to the air? 


6.46 Atmospheric air is in parallel flow (u.. = 15 m/s, 
T.. = 15°C) over a flat heater surface that is to be main- 
tained at a temperature of 140°C. The heater surface 
area is 0.25 m’, and the airflow is known to induce a 
drag force of 0.25 N on the heater. What is the electri- 
cal power needed to maintain the prescribed surface 


temperature? 


6.47 Determine the drag force imparted to the top surface 
of the flat plate of Example 6.2 for water temperatures 
of 300 K and 350 K. Assume the plate dimension in the 


z-direction is W = 1 m. 


6.48 For flow over a flat plate with an extremely rough sur- 
face, convection heat transfer effects are known to be 
correlated by the expression of Problem 6.32. For airflow 
at 50 m/s, what is the surface shear stress at x = 1m 
from the leading edge of the plate? Assume the air to be 


at a temperature of 300 K. 


6.49 A thin, flat plate that is 0.2m X 0.2m on a side with 
rough top and bottom surfaces is placed in a wind tun- 
nel so that its surfaces are parallel to an atmospheric 
airstream having a velocity of 30 m/s. The air is at a 
temperature of T,, = 20°C while the plate is maintained 
at T, = 80°C. The plate is rotated 45° about its center 
point, as shown in the schematic. Air flows over the top 
and bottom surfaces of the plate, and measurement of 
the heat transfer rate is 2000 W. What is the drag force 
on the plate? 


Top view of thin, flat plate 


a Problems 


6.50 As a means of preventing ice formation on the wings of 


6.51 


a small, private aircraft, it is proposed that electric 
resistance heating elements be installed within the 
wings. To determine representative power require- 
ments, consider nominal flight conditions for which the 
plane moves at 100 m/s in air that is at a temperature 
of —23°C. If the characteristic length of the airfoil is 
£=2m and wind tunnel measurements indicate an 
average friction coefficient of C = 0.0025 for the nom- 
inal conditions, what is the average heat flux needed to 
maintain a surface temperature of T, = 5°C? 


A circuit board with a dense distribution of integrated 
circuits (ICs) and dimensions of 120 mm * 120 mm on 
a side is cooled by the parallel flow of atmospheric air 
with a velocity of 2 m/s. 


Air 


u,, = 2m/s —> 
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— Integrated circuit (IC) 


SS 


Circuit board 


From wind tunnel tests under the same flow con- 
ditions, the average frictional shear stress on the upper 
surface is determined to be 0.0625 N/m’. What is the 
allowable power dissipation from the upper surface of 
the board if the average surface temperature of the ICs 
must not exceed the ambient air temperature by more 
than 25°C? Evaluate the thermophysical properties of 
air at 300 K. 
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68.1 Derivation of the Convection Transfer Equations 


In Chapter 2 we considered a stationary substance in which heat is transferred by conduction 
and developed means for determining the temperature distribution within the substance. We 
did so by applying conservation of energy to a differential control volume (Figure 2.11) and 
deriving a differential equation that was termed the heat equation. For a prescribed geome- 
try and boundary conditions, the equation may be solved to determine the corresponding 
temperature distribution. 

If the substance is not stationary, conditions become more complex. For example, if 
conservation of energy is applied to a differential control volume in a moving fluid, the 
effects of fluid motion (advection) on energy transfer across the surfaces of the control vol- 
ume must be considered, along with those of conduction. The resulting differential equation, 
which provides the basis for predicting the temperature distribution, now requires knowledge 
of the velocity field. This field must, in turn, be determined by solving additional differential 
equations derived by applying conservation of mass and Newton’s second law of motion to a 
differential control volume. 

In this supplemental material we consider conditions involving flow of a viscous fluid in 
which there is concurrent heat transfer. Our objective is to develop differential equations that 
may be used to predict velocity and temperature fields within the fluid, and we do so by 
applying Newton’s second law of motion and conservation of mass and energy to a differ- 
ential control volume. To simplify this development, we restrict our attention to steady, 
two-dimensional flow in the x- and y-directions of a Cartesian coordinate system. A unit 
depth may therefore be assigned to the z-direction, thereby providing a differential control 
volume of extent (dx- dy: 1). 


68.1.1 Conservation of Mass 


One conservation law that is pertinent to the flow of a viscous fluid is that matter may 
neither be created nor destroyed. Stated in the context of the differential control volume of 
Figure 6S.1, this law requires that, for steady flow, the net rate at which mass enters the 
control volume (inflow — outflow) must equal zero. Mass enters and leaves the control 
volume exclusively through gross fluid motion. Transport due to such motion is often 
referred to as advection. If one corner of the control volume is located at (x, y), the rate at 
which mass enters the control volume through the surface perpendicular to x may be 
expressed as (pu) dy, where p is the mass density and u is the x-component of the velocity. 
The control volume is of unit depth in the z-direction. Since p and u may vary with x, the 
rate at which mass leaves the surface at x + dx may be expressed by a Taylor series 


expansion of the form 
O(pu) 
cow + es | dy 
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d , 
pu + gy PU) dy 


I I 
I I 
I 1] 
p= pu—> i ! — > pu + 2(pu) dx 
4 ; 
1 


(x, y) ' dx FicurE 68.1 Differential control 


N 


volume (dx+dy+1) for mass conservation in 
pu two-dimensional flow of a viscous fluid. 


Using a similar result for the y-direction, the conservation of mass requirement becomes 


0 0 
(pu) dy + (pv) dx — E + (pu) ala E (pv) ‘fas =0 
Ox oy 
Canceling terms and dividing by dx dy, we obtain 


(pu) | Apu) _ 
Ox - Jy 


0 (6S.1) 


Equation 6S.1, the continuity equation, is a general expression of the overall mass con- 
servation requirement, and it must be satisfied at every point in the fluid. If the fluid is 
incompressible, the density p is a constant, and the continuity equation reduces to 


Ou, OV _ 
a + oe 0 (6S.2) 


68.1.2 Newton’s Second Law of Motion 


The second fundamental law that is pertinent to the flow of a viscous fluid is Newton’s sec- 
ond law of motion. For a differential control volume in the fluid, this requirement states that 
the sum of all forces acting on the control volume must equal the net rate at which momen- 
tum leaves the control volume (outflow — inflow). 

Two kinds of forces may act on the fluid: body forces, which are proportional to the 
volume, and surface forces, which are proportional to area. Gravitational, centrifugal, 
magnetic, and/or electric fields may contribute to the total body force, and we designate 
the x- and y-components of this force per unit volume of fluid as X and Y, respectively. 
The surface forces F, are due to the fluid static pressure as well as to viscous stresses. At 
any point in the fluid, the viscous stress (a force per unit area) may be resolved into two 
perpendicular components, which include a normal stress oj; and a shear stress 7;; (Figure 
6S.2). A double subscript notation is used to specify the stress components. The first sub- 
script indicates the surface orientation by providing the direction of its outward normal, 
and the second subscript indicates the direction of the force component. Accordingly, for 
the x surface of Figure 6S.2, the normal stress o,, corresponds to a force component 
normal to the surface, and the shear stress 7,, corresponds to a force in the y-direction 
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ae dy FIGURE 6S.2 Normal and shear 
(x, y) + dx viscous stresses for a differential control 
= volume (dx +dy-+ 1) in two-dimensional flow 


yy of a viscous fluid. 


along the surface. All the stress components shown are positive in the sense that both the 
surface normal and the force component are in the same direction. That is, they are both 
in either the positive coordinate direction or the negative coordinate direction. By this 
convention the normal viscous stresses are tensile stresses. In contrast the static pressure 
originates from an external force acting on the fluid in the control volume and is therefore 
a compressive stress. 

Several features of the viscous stress should be noted. The associated force is between 
adjoining fluid elements and is a natural consequence of the fluid motion and viscosity. 
The surface forces of Figure 6S.2 are therefore presumed to act on the fluid within the 
control volume and are attributed to its interaction with the surrounding fluid. These 
stresses would vanish if the fluid velocity, or the velocity gradient, went to zero. In this 
respect the normal viscous stresses (o,,. and o,,,) must not be confused with the static pres- 
sure, which does not vanish for zero velocity. 

Each of the stresses may change continuously in each of the coordinate directions. 
Using a Taylor series expansion for the stresses, the net surface force for each of the two 
directions may be expressed as 


= OO x, op F OT yx 
Bs ( Fe a ay Jax dy (6S.3) 
OT, d05, op 
Bey ( an ay 2 dx dy (6S.4) 


To use Newton’s second law, the fluid momentum fluxes for the control volume must 
also be evaluated. If we focus on the x-direction, the relevant fluxes are as shown in Figure 68.3. 
A contribution to the total x-momentum flux is made by the mass flow in each of the two 
directions. For example, the mass flux through the x surface (in the y-z plane) is (pu), the cor- 
responding x-momentum flux is (pu)u. Similarly, the x-momentum flux due to mass flow 
through the y surface (in the x-z plane) is (pu)u. These fluxes may change in each of the coor- 
dinate directions, and the net rate at which x-momentum leaves the control volume is 


Ol(pu)u] _ A(pv)u] 
ae dx (dy) 4 By 


dy (dx) 
Equating the rate of change in the x-momentum of the fluid to the sum of the forces in 
the x-direction, we then obtain 


Al(puu] , Al(puyu] doy, — Ap, Ix 
Ox oy Ox Ox oy 


+X (6S.5) 
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1 
1 
i I H 
I FIGURE 68.3. Momentum fluxes for a 
differential control volume (dx + dy 1) in 


(pu)u two-dimensional flow of a viscous fluid. 


This expression may be put in a more convenient form by expanding the derivatives on the 
left-hand side and substituting from the continuity equation, Equation 6S.1, giving 


du, du\_ 9 IT yx 
ol ax +vu *) = (Ox, — p) + ag xX (6S.6) 


A similar expression may be obtained for the y-direction and is of the form 


ov. dv\_%y , A 
o(u rae 0) ae Lar (Fp YX (6S.7) 


We should not lose sight of the physics represented by Equations 68.6 and 68.7. The 
two terms on the left-hand side of each equation represent the nef rate of momentum flow 
from the control volume. The terms on the right-hand side account for the net viscous and 
pressure forces, as well as the body force. These equations must be satisfied at each point in 
the fluid, and with Equation 6S.1 they may be solved for the velocity field. 

Before a solution to the foregoing equations can be obtained, it is necessary to relate the 
viscous stresses to other flow variables. These stresses are associated with the deformation 
of the fluid and are a function of the fluid viscosity and velocity gradients. From Figure 68.4 
it is evident that a normal stress must produce a linear deformation of the fluid, whereas a 
shear stress produces an angular deformation. Moreover, the magnitude of a stress is pro- 
portional to the rate at which the deformation occurs. The deformation rate is, in turn, 
related to the fluid viscosity and to the velocity gradients in the flow. For a Newtonian fluid' 
the stresses are proportional to the velocity gradients, where the proportionality constant is 
the fluid viscosity. Because of its complexity, however, development of the specific relations 
is left to the literature [1], and we limit ourselves to a presentation of the results. In particu- 
lar, it has been shown that 


_ du 2 du , Ov 
_ dv 2 ou , Ov 

Oy = 2p ay 3 bw (2 | (6S.9) 
a ee! du , Ov 

Tay = Tye = hh ( By + *) (6S.10) 


'A Newtonian fluid is one for which the shear stress is linearly proportional to the rate of angular deformation. 
All fluids of interest in the text are Newtonian. 
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FicurRE 68.4 Deformations of a fluid element due to viscous 
stresses. (a) Linear deformation due to a normal stress. (b) Angular 
deformation due to shear stresses. 


Substituting Equations 6S.8 through 68.10 into Equations 6S.6 and 6S.7, the x- and 
y-momentum equations become 


PRL py Oe _ op, a 7 du 2/du . dv 
P\ ox oy ax ax || * ax 3\ax- oy 


ad} fou, av\| , 

du, ov\__ op. a dv _2/ du, ov 

P\ ea” By dy ay\" |“ ay 3\ax dy 
0 ou , wv\| , 


Equations 68.1, 6S.11, and 68.12 provide a complete representation of conditions in a two- 
dimensional viscous flow, and the corresponding velocity field may be determined by solv- 
ing the equations. Once the velocity field is known, it is a simple matter to obtain the wall 
shear stress T, from Equation 6.2. 

Equations 6S.11 and 68.12 may be simplified for an incompressible fluid of constant 
viscosity. Rearranging the right-hand side of each expression and substituting from Equa- 
tion 6S.2, the x- and y-momentum equations become 


Ou du\ Op | ru, Pu) | 

ol oe UV “) ae T »(@ T ay +X (68.13) 
dv dv\ op | ov, ov\ , 

ol cm U ~) dy T (2 T e) + Y (68.14) 


68.1.3 Conservation of Energy 


To apply the energy conservation requirement (Equation 1.12c) to a differential control 
volume in a viscous fluid with heat transfer (Figure 6S.5), it is necessary to first delineate 
the relevant physical processes. If potential energy effects are treated as work done by the 
body forces, the energy per unit mass of the fluid includes the thermal internal energy e and 
the kinetic energy V7/2, where V* = u°+ v*. Accordingly, thermal and kinetic energy are 
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advected with the bulk fluid motion across the control surfaces, and for the x-direction, the 
net rate at which this energy enters the control volume is 


. 5 2 2 
Edy: ~~ Baagictde = pu (. 5 dy {ms (- + v") 


meee ve 
==. E (. + 5 ) dx dy (6S.15) 


Energy is also transferred across the control surface by molecular processes. There may be 
two contributions: that due to conduction and energy transfer due to the diffusion of species 
A and B. However, it is only in chemically reacting flows that species diffusion strongly 
influences thermal conditions. Hence the effect is neglected in this development. For the 
conduction process, the net transfer of energy into the control volume is 


: : oT oT Oo oT 
Pesnde oa Ee caeetae = ( k | dy k ax ax (: | a| dy 
@ (: a) aay (68.16) 


Energy may also be transferred to and from the fluid in the control volume by work 
interactions involving the body and surface forces. The net rate at which work is done on 
the fluid by forces in the x-direction may be expressed as 


Waac = (Xu) de dy +(e — p)utl dx dy + F(t) dx dy (68.17) 


The first term on the right-hand side of Equation 6S.17 represents the work done by the 
body force, and the remaining terms account for the net work done by the pressure and vis- 
cous forces. 

Using Equations 68.15 through 68.17, as well as analogous equations for the 
y-direction, the energy conservation requirement (Equation 1.12c) may be expressed as 


-ale(* alot) 


_ oO oT fa) oT \ , ; a) 0 
3(eit) (: + (Xu + Yv) Gy (Pu) (pv) 


oy\ oy 
0 0 oe 
+ ae (Olt 4,0) + By (Tx + 0,0) + q=0 (6S.18) 
7 Estes 
Econd,y+dy ee 
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a ee ; 
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P espera ” . Ficure 68.5 Differential control volume 
- | . (dx + dy+ 1) for energy conservation in 
Econd,y two-dimensional flow of a viscous fluid with 


Exav,y heat transfer. 
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where g is the rate at which thermal energy is generated per unit volume. This expression 
provides a general form of the energy conservation requirement for flow of a viscous fluid 
with heat transfer. 

Because Equation 68.18 represents conservation of kinetic and thermal internal energy, 
it is rarely used in solving heat transfer problems. Instead, a more convenient form, which is 
termed the thermal energy equation, is obtained by multiplying Equations 6S.6 and 6S.7 by u 
and v, respectively, and subtracting the results from Equation 6S.18. After considerable 
manipulation, it follows that [2] 


de, de af,aT\, af[, oT du, dv 
pu 4 pus An (: ar) or (: a) (t+) + uP +g (6S.19) 


where the term p(du/dx + dv/dy) represents a reversible conversion between mechanical 
work and thermal energy, and w®, the viscous dissipation, is defined as 


du, ov\ du\? , fav\ 2(au , w\ 
-n(2-3)2)-Q 3G 3)) om 
The first term on the right-hand side of Equation 68.20 originates from the viscous shear 
stresses, and the remaining terms arise from the viscous normal stresses. Collectively, the 
terms account for the rate at which mechanical work is irreversibly converted to thermal 
energy due to viscous effects in the fluid. 
If the fluid is incompressible, Equations 68.19 and 6S.20 may be simplified by substi- 
tuting Equation 6S.2. Moreover, with de = c,dT and c, = c, for an incompressible fluid, the 
thermal energy equation may then be expressed as 


éT,, oT\_af,aT\, of,oT)\, oe 
pou re ot) ae («27) + By (: ) + wD + g (6S.21) 


wom ol(ire) A(z) (a) 529 


The thermal energy equation may also be cast in terms of the fluid enthalpy i, instead of 
its internal energy e. Introducing the definition of the enthalpy, 


where 


gl 
imets (68.23) 


and using Equation 6S.1 to replace the third term on the right-hand side of Equation 68.19 
by spatial derivatives of p and (p/p), the energy equation may be expressed as [2] 


at i, di_ d[,0T\ _ d[,oT\ op. op\ | ‘ 
pu. + pu ay a(t | t By (: | (. ae 2 t+ uP+gq  (6S.24) 


If the fluid may be approximated as a perfect gas, di = c,dT, Equation 6S.24 becomes 


OT . oT\_0d0[,0T)\ , d0[,0T\ |, op Op : 
pe, (u ax oi) oe (: ) a5 (: | (. By P) + po +j (68.25) 
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One of the few situations for which exact solutions to the convection transfer equations 
may be obtained involves what is termed parallel flow. In this case fluid motion is only in 
one direction. Consider a special case of parallel flow involving stationary and moving 
plates of infinite extent separated by a distance L, with the intervening space filled by an 
incompressible fluid. This situation is referred to as Couette flow and occurs, for example, 
in a journal bearing. 


1. What is the appropriate form of the continuity equation (Equation E.1)? 


2. Beginning with the momentum equation (Equation E.2), determine the velocity distri- 
bution between the plates. 


3. Beginning with the energy equation (Equation E.4), determine the temperature distri- 
bution between the plates. 


4. Consider conditions for which the fluid is engine oil with L = 3 mm. The speed of the 
moving plate is U = 10 m/s, and the temperatures of the stationary and moving plates are 
Ty = 10°C and T;, = 30°C, respectively. Calculate the heat flux to each of the plates and 
determine the maximum temperature in the oil. 


SOLUTION 
SSS 


Known: Couette flow with heat transfer. 


Find: 
1. Form of the continuity equation. 
2. Velocity distribution. 
3. Temperature distribution. 
4. Surface heat fluxes and maximum temperature for prescribed conditions. 


Schematic: 


—> U=10ms 


T,, = 30°C p P 
= >X,Uu 


Ty = 10°C 


Stationary 
plate 


Assumptions: 
1. Steady-state conditions. 
2. Two-dimensional flow (no variations in z). 
3. Incompressible fluid with constant properties. 
4. No body forces. 
5. No internal energy generation. 


Properties: Table A.8, engine oil (20°C): p = 888.2 kg/m’, k = 0.145 W/m:K, v = 900 X 
10°° m/s, w = vp = 0.799 N:s/m’. 
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Analysis: 
1. For an incompressible fluid (constant p) and parallel flow (v = 0), Equation E.1 reduces to 
Ou _ 
— 0 <J 


The important implication of this result is that, although depending on y, the x velocity 
component u is independent of x. It may then be said that the velocity field is fully 
developed. 


2. For two-dimensional, steady-state conditions with v = 0, (du/dx) =0, and X = 0, 
Equation E.2 reduces to 
_ op Ou 
ae u(2) 


However, in Couette flow, motion of the fluid is not sustained by the pressure gradient, 
dpldx, but by an external force that provides for motion of the top plate relative to the bot- 
tom plate. Hence (dp/dx) = 0. Accordingly, the x-momentum equation reduces to 

Pu _ 

oy" 
The desired velocity distribution may be obtained by solving this equation. Integrating 
twice, we obtain 


u(y) = Cy + C, 
where C, and C, are the constants of integration. Applying the boundary conditions 
u(0)=0 uL)y=U 
it follows that C,; = 0 and C, = U/L. The velocity distribution is then 


me 
u(y=TU J 


3. The energy equation (E.4) may be simplified for the prescribed conditions. In particu- 
lar, with v = 0, (du/dx) = 0, and g = 0, it follows that 
Le aes i 


PCy dg +k ay dy 


However, because the top and bottom plates are at uniform temperatures, the tempera- 
ture field must also be fully developed, in which case (dT/dx) = 0. The appropriate 
form of the energy equation is then 


The desired temperature distribution may be obtained by solving this equation. Rear- 
ranging and substituting for the velocity distribution, 


, aT _ P du\ _ ‘ u\ 
dy? dy L 


Integrating twice, we obtain 


__ Ee ane 
T(y) #(uy, t Cosy + Cy 
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The constants of integration may be obtained from the boundary conditions 
TO=T, TH=T, 


in which case 


=T, d - + 
“e=ty, an oF 2k L 
and 
on ae ee y 
=T,+ 
T(y) = Tp oy U E (2) (Ty, To) 5 J 


. Knowing the temperature distribution, the surface heat fluxes may be obtained by 


applying Fourier’s law. Hence 


” dT Kb 2/1 2y T, ~~ To 
p= kT = Ke) Fy? | 
% dy E r (3 2) L 


At the bottom and top surfaces, respectively, it follows that 


Hence, for the prescribed numerical values, 
5-2 DONevnt <100mPA? _ 9.45 Win-K ag — yoy 
gy = — 13,315 Wim? — 967 W/m? = —14.3 kW/m? < 
gi, = +13,315 Wim? — 967 W/m? = 12.3 kW/m? < 


The location of the maximum temperature in the oil may be found from the require- 
ment that 


dT _ ae 2) tT 


dy 2k L Vv? L 
Solving for y, it follows that 


=| K_ (1, -T) 4 1, 
Bb 


or for the prescribed conditions 


-_— 0145 Wink 
"10.799 N+ s/m? X 100 m?/s? 


(30 — 10)°C 4 11 = 0.536L 


Substituting the value of y,,,, into the expression for T(y), 
Tmax = 89.2°C J 


Comments: 


1. Given the strong effect of viscous dissipation for the prescribed conditions, the maxi- 


mum temperature occurs in the oil and there is heat transfer to the hot, as well as to the 


a Problems 


y 


L 


References 


To 
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cold, plate. The temperature distribution is a function of the velocity of the moving plate, 
and the effect is shown schematically below. 


T r 
T, (y) 


For velocities less than U, the maximum temperature corresponds to that of the hot plate. 
For U = 0 there is no viscous dissipation, and the temperature distribution is linear. 


2. Recognize that the properties were evaluated at T = (T,, + Ty)/2 = 20°C, which is not 
a good measure of the average oil temperature. For more precise calculations, the 
properties should be evaluated at a more appropriate value of the average temperature 
(e.g., T ~ 55°C), and the calculations should be repeated. 


1. Schlichting, H., Boundary Layer Theory, 7th ed., 


McGraw-Hill, New York, 1979. 


Problems 


2. Bird, R. B., W. E. Stewart, and E. N. Lightfoot, Trans- 
port Phenomena, Wiley, Hoboken, NJ, 1966. 


Conservation Equations and Solutions 


6S.1 Consider the control volume shown for the special 


case of steady-state conditions with v = 0, T = T(y), 
and p = const. 


a> t+ dy 
y,vU ' : t) 
p —idy p+ Pax 


y, | 
Vide) e 
X,U = 


(a) Prove that u = u(y) if v = 0 everywhere. 


(b) Derive the x-momentum equation and simplify it 
as much as possible. 


(c) Derive the energy equation and simplify it as 
much as possible. 


6S.2 Consider a lightly loaded journal bearing using oil 


having the constant properties 4 = 10°-* kg/s +m and 
k = 0.15 W/m- K. If the journal and the bearing are 
each maintained at a temperature of 40°C, what is the 
maximum temperature in the oil when the journal is 
rotating at 10 m/s? 


68.3 


68.4 


Consider a lightly loaded journal bearing using oil 
having the constant properties p = 800 kg/m’, v = 10° 
m’/s, and k = 0.13 W/m: K. The journal diameter is 75 
mm; the clearance is 0.25 mm; and the bearing oper- 
ates at 3600 rpm. 


(a) Determine the temperature distribution in the oil 
film assuming that there is no heat transfer into the 
journal and that the bearing surface is maintained 
at 75°C. 


(b) What is the rate of heat transfer from the bearing, 
and how much power is needed to rotate the 
journal? 


Consider two large (infinite) parallel plates, 5mm 
apart. One plate is stationary, while the other plate is 
moving at a speed of 200 m/s. Both plates are main- 
tained at 27°C. Consider two cases, one for which the 
plates are separated by water and the other for which 
the plates are separated by air. 


(a) For each of the two fluids, what is the force per unit 
surface area required to maintain the above condi- 
tion? What is the corresponding power requirement? 
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(b) What is the viscous dissipation associated with 
each of the two fluids? 


(c) What is the maximum temperature in each of the 
two fluids? 


68.5 A judgment concerning the influence of viscous dissi- 
pation in forced convection heat transfer may be made 
by calculating the quantity Pr-Ec, where the Prandtl 
number Pr = c,u/k and the Eckert number Ec = U'lc, 
AT are dimensionless groups. The characteristic veloc- 
ity and temperature difference of the problem are desig- 
nated as U and AT, respectively. If Pr: Ec < 1, dissipa- 
tion effects may be neglected. Consider Couette flow 
for which one plate moves at 10 m/s and a temperature 
difference of 25°C is maintained between the plates. 
Evaluating properties at 27°C, determine the value of 
Pr-Ec for air, water, and engine oil. What is the value 
of Pr-Ec for air if the plate is moving at the sonic 
velocity? 


68.6 Consider Couette flow for which the moving plate is 
maintained at a uniform temperature and the station- 
ary plate is insulated. Determine the temperature of 
the insulated plate, expressing your result in terms 
of fluid properties and the temperature and speed of 
the moving plate. Obtain an expression for the heat 
flux at the moving plate. 


6S.7 Consider Couette flow with heat transfer for which the 
lower plate (mp) moves with a speed of U = 5 m/s and 
is perfectly insulated. The upper plate (sp) is stationary 
and is made of a material with thermal conductivity 
k,, = 1.5 W/m: K and thickness L,, = 3 mm. Its outer 
surface is maintained at T,, = 40°C. The plates are sepa- 
rated by a distance L, = 5 mm, which is filled with an 
engine oil of viscosity 4 = 0.799 N+ s/m? and thermal 
conductivity k, = 0.145 W/m: K. 


y Lp (— Stationary plate, k., 


L Moving plate, insulated 
(a) On T(y)-y coordinates, sketch the temperature dis- 


tribution in the oil film and the moving plate. 


(b) Obtain an expression for the temperature at the lower 
surface of the oil film, 7(0) = T,, in terms of the 
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plate speed U, the stationary plate parameters (T,,, 
ky, Lp) and the oil parameters (2, k,, L,). Calculate 
this temperature for the prescribed conditions. 


6S.8 A shaft with a diameter of 100 mm rotates at 9000 rpm 
in a journal bearing that is 70mm long. A uniform 
lubricant gap of 1 mm separates the shaft and the bear- 
ing. The lubricant properties are 44 = 0.03 N « s/m? and 
k =0.15 W/m-K, while the bearing material has a 
thermal conductivity of k, = 45 W/m: K. 


ge Beating, k, 
tT, 


Lubrican 


Lubricant 


Shaft 
100 mm 


> Water-cooled surface, 
diameter 


Ty = 30°C 


(a) Determine the viscous dissipation, w® (W/m*), in 
the lubricant. 


(b) Determine the rate of heat transfer (W) from the 
lubricant, assuming that no heat is lost through 
the shaft. 


(c) If the bearing housing is water-cooled, such that 
the outer surface of the bearing is maintained at 
30°C, determine the temperatures of the bearing 
and shaft, 7, and T,. 


68.9 Consider Couette flow with heat transfer as described 
in Example 6S.1. 


(a) Rearrange the temperature distribution to obtain 
the dimensionless form 


A(n) = nll + 3 Pr Ec(l — 9)] 


where 0 = [T(y) — Ty|/[T, — To] and » = y/L. The 
dimensionless groups are the Prandtl number Pr = 
uc, /k and the Eckert number Ec = U *Ie(Ty =): 


(b) Derive an expression that prescribes the condi- 
tions under which there will be no heat transfer to 
the upper plate. 


(c) Derive an expression for the heat transfer rate to the 
lower plate for the conditions identified in part (b). 


(d)|Generate a plot of 6 versus 7 for 0 = y = 1 and 
values of Pr Ec = 0, 1, 2, 4, 10. Explain key fea- 
tures of the temperature distributions. 


68.10 Consider the problem of steady, incompressible laminar 
flow between two stationary, infinite parallel plates 
maintained at different temperatures. 


a Problems 


i Ty Infinite 
*— parallel 
L —— t P 


Referred to as Poiseuille flow with heat transfer, this 
special case of parallel flow is one for which the x veloc- 
ity component is finite, but the y- and z-components 
(uv and w) are zero. 


(a) 
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What is the form of the continuity equation for 
this case? In what way is the flow fully developed? 


(b) What forms do the x- and y-momentum equations 


(c) 


take? What is the form of the velocity profile? 
Note that, unlike Couette flow, fluid motion 
between the plates is now sustained by a finite 
pressure gradient. How is this pressure gradient 
related to the maximum fluid velocity? 

Assuming viscous dissipation to be significant and 
recognizing that conditions must be thermally 
fully developed, what is the appropriate form of 
the energy equation? Solve this equation for the 
temperature distribution. What is the heat flux at 
the upper (y = L) surface? 


External Flow 
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tT n this chapter we focus on the problem of computing heat transfer rates to or from a sur- 
face in external flow. In such a flow boundary layers develop freely, without constraints 
imposed by adjacent surfaces. Accordingly, there will always exist a region of the flow out- 
side the boundary layer in which velocity and/or temperature gradients are negligible. 
Examples include fluid motion over a flat plate (inclined or parallel to the free stream 
velocity) and flow over curved surfaces such as a sphere, cylinder, airfoil, or turbine blade. 

For the moment we confine our attention to problems of low-speed, forced convection 
with no phase change occurring within the fluid. In addition, we will not consider potential 
micro- or nanoscale effects within the fluid, as described in Section 2.2, in this chapter. In 
forced convection, the relative motion between the fluid and the surface is maintained by 
external means, such as a fan or a pump, and not by buoyancy forces due to temperature 
gradients in the fluid (natural convection). Internal flows, natural convection, and convec- 
tion with phase change are treated in Chapters 8, 9, and 10, respectively. 

Our primary objective is to determine convection coefficients for different flow geome- 
tries. In particular, we wish to obtain specific forms of the functions that represent these 
coefficients. By nondimensionalizing the boundary layer equations in Chapter 6, we found 
that the local and average convection coefficients may be correlated by equations of the form 


Nu, = f(x*, Re, Pr) (6.32) 


Nu, = f(Re,, Pr) (6.33) 


The subscript x has been added to emphasize our interest in conditions at a particular loca- 
tion on the surface. The overbar indicates an average from x* = 0, where the boundary 
layer begins to develop, to the location of interest. Recall that the problem of convection is 
one of obtaining these functions. There are two approaches that we could take, one theoret- 
ical and the other experimental. 

The experimental or empirical approach involves performing heat transfer measure- 
ments under controlled laboratory conditions and correlating the data in terms of appropriate 
dimensionless parameters. A general discussion of the approach is provided in Section 7.1. 
It has been applied to many different geometries and flow conditions, and important results 
are presented in Sections 7.2 through 7.8. 

The theoretical approach involves solving the boundary layer equations for a particu- 
lar geometry. For example, obtaining the temperature profile T* from such a solution, 
Equation 6.31 may be used to evaluate the local Nusselt number Nu,, and therefore the 
local convection coefficient h,. With knowledge of how h, varies over the surface, Equation 
6.9 may then be used to determine the average convection coefficient h,, and therefore the 
Nusselt number Nu,. In Section 7.2.1 this approach is illustrated by using the similarity 
method to obtain an exact solution of the boundary layer equations for a flat plate in 
parallel, laminar flow [1-3]. An approximate solution to the same problem is obtained 
in Appendix G by using the integral method [4]. 


Gel = =The Empirical Method 


The manner in which a convection heat transfer correlation may be obtained experimen- 
tally is illustrated in Figure 7.1. If a prescribed geometry, such as the flat plate in parallel 
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U,., T,, 7 
Pe=geh ArT 
— 
pT As 
Ie ii > 


- INK a E ncutia 
E 


FIGURE 7.1 Experiment for measuring the average 
convection heat transfer coefficient h,. 


flow, is heated electrically to maintain 7, > T,,, convection heat transfer occurs from the 
surface to the fluid. It would be a simple matter to measure 7, and T,,, as well as the electri- 
cal power, E+ J, which is equal to the total heat transfer rate g. The convection coefficient 
h,, which is an average associated with the entire plate, could then be computed from 
Newton’s law of cooling, Equation 6.8. Moreover, from knowledge of the characteristic 
length LZ and the fluid properties, the Nusselt, Reynolds, and Prandtl numbers could be 
computed from their definitions, Equations 6.33, 6.25, and 6.26, respectively. 

The foregoing procedure could be repeated for a variety of test conditions. We could vary 
the velocity u,, and the plate length L, as well as the nature of the fluid, using, for example, air, 
water, and engine oil, which have substantially different Prandtl numbers. We would then be 
left with many different values of the Nusselt number corresponding to a wide range of 
Reynolds and Prandtl numbers, and the results could be plotted on a /Jog—log scale, as shown in 
Figure 7.2a. Each symbol represents a unique set of test conditions. As is often the case, the 
results associated with a given fluid, and hence a fixed Prandtl number, fall close to a straight 
line, indicating a power law dependence of the Nusselt number on the Reynolds number. Con- 
sidering all the fluids, the data may then be represented by an algebraic expression of the form 


Nu; = C Rej' Pr” (@oi)) 


Since the values of C, m, and n are often independent of the nature of the fluid, the family 
of straight lines corresponding to different Prandtl numbers can be collapsed to a single line 
by plotting the results in terms of the ratio, Nu,/Pr”, as shown in Figure 7.2b. 

Because Equation 7.1 is inferred from experimental measurements, it is termed an 
empirical correlation. The specific values of the coefficient C and the exponents m and n 
vary with the nature of the surface geometry and the type of flow. 


Nu; = CRej"Pr” 


Log Nu, 


Log Re, Log Re, 
(a) (b) 


FicurE 7.2 Dimensionless representation of convection heat transfer measurements. 
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We will use expressions of the form given by Equation 7.1 for many special cases, 
and it is important to note that the assumption of constant fluid properties is often implicit 
in the results. However, we know that the fluid properties vary with temperature across 
the boundary layer and that this variation can certainly influence the heat transfer rate. 
This influence may be handled in one of two ways. In one method, Equation 7.1 is used 
with all properties evaluated at a mean boundary layer temperature 7;, termed the film 
temperature. 


T,=— (7.2) 


The alternate method is to evaluate all properties at T., and to multiply the right-hand side 
of Equation 7.1 by an additional parameter to account for the property variations. The 
parameter is commonly of the form (Pr../Pr,)’ or (j./mMs)’, Where the subscripts © and s 
designate evaluation of the properties at the free stream and surface temperatures, respec- 
tively. Both methods are used in the results that follow. 


Ze2 The Flat Plate in Parallel Flow 


Despite its simplicity, parallel flow over a flat plate (Figure 7.3) occurs in numerous engi- 
neering applications. As discussed in Section 6.3, laminar boundary layer development 
begins at the leading edge (x = 0) and transition to turbulence may occur at a downstream 
location (x,) for which a critical Reynolds number Re, is achieved. We begin by consider- 
ing conditions in the laminar boundary layer. Specifically, we will analytically determine 
the velocity and temperature distributions that are shown qualitatively in Figures 6.1 and 
6.2, respectively. From knowledge of these distributions, we will then determine expres- 
sions for the local and average friction coefficients and Nusselt numbers. 


G@e2-1 Laminar Flow over an Isothermal Plate: 
A Similarity Solution 


The major convection parameters may be obtained by solving the appropriate form of the 
boundary layer equations. Assuming steady, incompressible, laminar flow with constant 
fluid properties and negligible viscous dissipation and recognizing that dp/dx = 0, the 
boundary layer equations (6.15, 6.16, and 6.17) reduce to 


Ficure 7.3 The flat plate in parallel flow. 
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Continuity: 


Momentum: 


Solution of these equations is simplified by the fact that for constant properties, conditions in 
the velocity (hydrodynamic) boundary layer are independent of temperature. Hence we may 
begin by solving the hydrodynamic problem, Equations 7.3 and 7.4, to the exclusion of 
Equation 7.5. Once the hydrodynamic problem has been solved, a solution to Equation 7.5, 
which depends on u and v, may be obtained. 


Hydrodynamic Solution The hydrodynamic solution follows the method of Blasius 
[1, 2]. The first step is to define a stream function w(x, y), such that 


pe and v=-— (7.6) 


Equation 7.3 is then automatically satisfied and hence is no longer needed. New dependent 
and independent variables, f and 7, respectively, are then defined such that 


p 
——— Teh 
fm EE (7.7) 
9 = yV U/VXx (7.8) 


As we will find, use of these variables simplifies matters by reducing the partial differential 
equation, Equation 7.4, to an ordinary differential equation. 

The Blasius solution is termed a similarity solution, and 7 is a similarity variable. This 
terminology is used because, despite growth of the boundary layer with distance x from the 
leading edge, the velocity profile u/u,, remains geometrically similar. This similarity is of 
the functional form 


where 6 is the boundary layer thickness. We will find from the Blasius solution that 6 
varies as (vx/u..)'”; thus, it follows that 


i = om) (7.9) 
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Hence the velocity profile is uniquely determined by the similarity variable 7, which 
depends on both x and y. 
From Equations 7.6 through 7.8 we obtain 


dy ondy BN Uo dny 'X * dn ; 
and 
— ow yu, | of un | v f 
Ox “ Up Ox 2 UpX 
1 [vun.{ of 
= TAL 
aay ae (, i i (7.11) 
By differentiating the velocity components, it may also be shown that 
Ou u df 
—=-—“yn- 7.12 
a 771 ae (7.12) 
Ou lu,, a°f 
By Uo | Hx an (7.13) 
Ou us d°f 
Substituting these expressions into Equation 7.4, we then obtain 
ad? d* 
2 es +f f = (7.15) 
dy diy 


Hence the hydrodynamic boundary layer problem is reduced to one of solving a nonlinear, 
third-order ordinary differential equation. The appropriate boundary conditions are 


u(x, 0) =v(x,0) =O and u(x, ©) =u,, 
or, in terms of the similarity variables, 


af = f(0)=0 and ff =| (7.16) 
dy |\n=0 dN |e 


The solution to Equation 7.15, subject to the conditions of Equation 7.16, may be 
obtained by a series expansion [2] or by numerical integration [3]. Selected results are pre- 
sented in Table 7.1, from which useful information may be extracted. The x-component 
velocity distribution from the third column of the table is plotted in Figure 7.4a. We also 
note that, to a good approximation, (u/u..) = 0.99 for n = 5.0. Defining the boundary layer 
thickness 6 as that value of y for which (u/u,,) = 0.99, it follows from Equation 7.8 that 


a ee (7.17) 


Vulvx  V Re, 
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TABLE 7.1 Flat plate laminar boundary 
layer functions [3] 


7 = df y af 
1=Y ./ pK f dn “ht, dy? 
0 0 0 0.332 
0.4 0.027 0.133 0.331 
0.8 0.106 0.265 0.327 
1.2 0.238 0.394 0.317 
1.6 0.420 0.517 0.297 
2.0 0.650 0.630 0.267 
2.4 0.922 0.729 0.228 
2.8 1.231 0.812 0.184 
3.2 1.569 0.876 0.139 
3.6 1.930 0.923 0.098 
4.0 2.306 0.956 0.064 
4.4 2.692 0.976 0.039 
4.8 3.085 0.988 0.022 
5.2 3.482 0.994 0.011 
5.6 3.880 0.997 0.005 
6.0 4.280 0.999 0.002 
6.4 4.679 1.000 0.001 
6.8 5.079 1.000 0.000 


From Equation 7.17 it is clear that 6 increases with increasing x and v but decreases with 
increasing u., (the larger the free stream velocity, the thinner the boundary layer). In addi- 
tion, from Equation 7.13 the wall shear stress may be expressed as 


da 
= a a area 
AY |y=0 dr? \n=0 
1 1 


1/5 
° 
IN 
nf =) 
fo) 
nn 


ylé 
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fo) 
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0) 0.2 0.4 0.6 0.8 1 (6) 0.2 0.4 0.6 0.8 
df/dn = u/u,, 1—T* 
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FIGURE 7.4 Similarity solution for laminar flow over an isothermal plate. (a) The 
x-component of the velocity. (b) Temperature distributions for Pr = 0.6, 1, and 7. 
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Hence from Table 7.1 
T, = 0.332u..V ppu../Xx 


The local friction coefficient is then 


Ts a ci 
G.=— 0.064 Ren” (7.18) 
Puce 


Heat Transfer Solution From knowledge of conditions in the velocity boundary layer, the 
energy equation may now be solved. We begin by introducing the dimensionless tempera- 


ture T* = ((T — T)/(7., — T,)] and assume a similarity solution of the form T* = T*(7). 
Making the necessary substitutions, Equation 7.5 reduces to 


a°T* Br f dT* _ 
dy’ 2° dy 


(7.19) 


Note the dependence of the thermal solution on hydrodynamic conditions through appear- 
ance of the variable fin Equation 7.19. The appropriate boundary conditions are 


T*(0)=0 and T*(~)=1 (7.20) 


Subject to the conditions of Equation 7.20, Equation 7.19 may be solved by numerical 
integration for different values of the Prandtl number; representative temperature distribu- 
tions for Pr = 0.6, 1, and 7 are shown in Figure 7.4b. Thermal effects penetrate farther 
into the velocity boundary layer with decreasing Prandtl number and transcend the 
velocity boundary layer for Pr < 1. One important consequence of this solution is that, for 
Pr = 0.6, results for the surface temperature gradient dT*/dy]| n=o May be correlated by the 
following relation: 


aT* 


= 0.332 Pr'® 
dn " 


n=0 


Expressing the local convection coefficient as 


=. & =, oF 
hy 
L.-T T,-—T.. 9Y |y=0 
1/2 
h,= i(“:) at 
dn |\n=0 
it follows that the Jocal Nusselt number is of the form 
_ hx UP j,i 
Nu, = k = 0.332 Re,~ Pr Pr=0.6 (7.21) 


From the solution to Equation 7.19, it also follows that, for Pr = 0.6, the ratio of the veloc- 
ity to thermal boundary layer thickness is 


Pes (7.22) 


t 
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where 6 is given by Equation 7.17. For example, for Pr = 7, 6/6, = 1.91 (6,/6 = 0.523), as 
shown in Figure 7.45. 

The foregoing results may be used to compute important laminar boundary layer param- 
eters for 0 <x <x,, where x, is the distance from the leading edge at which transition 
begins. Equations 7.18 and 7.21 imply that 7, and A, are, in principle, infinite at the lead- 
ing edge and decrease as x '” in the flow direction. Equation 7.22 also implies that, for val- 
ues of Pr close to unity, which is the case for most gases, the two boundary layers experi- 
ence nearly identical growth. 


Average Boundary Layer Parameters From the foregoing local results, average bound- 
ary layer parameters may be determined. With the average friction coefficient defined as 


C Ts x 
a pu:/2 


(7.23) 


where 


1 x 
Ts x = 1 Ts x dx 
0 


the form of 7,, may be substituted from Equation 7.18 and the integration performed to 
obtain 


Cy. = 1.328 Re, "7 (7.24) 


Moreover, from Equations 6.10 and 7.21, the average heat transfer coefficient for laminar 


flow is 
= 1 i{* _ k\ 5 a{ Men \'” (* dx 
h, = al h,.dx 0332( pr ( 7 a pl 


Integrating and substituting from Equation 7.21, it follows that h, = 2h,. Hence 


ten) 
Nu, = = = 0.664 Re!” Pr? Pr=0.6 (7.25) 


If the flow is laminar over the entire surface, the subscript x may be replaced by L, and Equa- 
tions 7.24 and 7.25 may be used to predict average conditions for the entire surface. 

From the foregoing expressions we see that, for laminar flow over a flat plate, the aver- 
age friction and convection coefficients from the leading edge to a point x on the surface 
are twice the local coefficients at that point. We also note that, in using these expressions, 
the effect of variable properties can be treated by evaluating all properties at the film tem- 
perature, Equation 7.2. 


Liquid Metals For fluids of small Prandtl number, namely, liquid metals, Equation 7.21 
does not apply. However, for this case the thermal boundary layer development is much 
more rapid than that of the velocity boundary layer (6, > 6), and it is reasonable to assume 
uniform velocity (u = u,,) throughout the thermal boundary layer. From a solution to the 
thermal boundary layer equation based on this assumption [5], it may then be shown that 


Nu, = 0.564 Pe!” Pr<0.05, Pe, = 100 (7.26) 
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where Pe, = Re, Pr is the Peclet number (Table 6.2). Despite the corrosive and reactive 
nature of liquid metals, their unique properties (low melting point and vapor pressure, as 
well as high thermal capacity and conductivity) render them attractive as coolants in appli- 
cations requiring high heat transfer rates. 

A single correlating equation, which applies for all Prandtl numbers, has been recom- 
mended by Churchill and Ozoe [6]. For laminar flow over an isothermal plate, the local 
convection coefficient may be obtained from 


03387 Rewer 
[1 + 0.0468/Pr)"?]'" 


Pe, = 100 (27) 


uy = 
with Nu, = 2Nu,. 


Ge2-2 Turbulent Flow over an Isothermal Plate 


It is not possible to obtain exact analytical solutions for turbulent boundary layers, which 
are inherently unsteady. From experiment [2] it is known that, for turbulent flows with 
Reynolds numbers up to approximately 10%, the local friction coefficient is correlated to 
within 15% accuracy by an expression of the form 


Cyr = 0.0592 Re," Re, S Re, = 10° cD 


Moreover, it is known that, to a reasonable approximation, the velocity boundary layer 
thickness may be expressed as 


6 = 0.37xRe, (7.29) 


Comparing these results with those for the laminar boundary layer, Equations 7.17 and 
7.18, we see that turbulent boundary layer growth is much more rapid (6 varies as x*° in 
contrast to x" for laminar flow) and that the decay in the friction coefficient is more grad- 
ual (x '° versus x '”). For turbulent flow, boundary layer development is influenced 
strongly by random fluctuations in the fluid and not by molecular diffusion. Hence relative 
boundary layer growth does not depend on the value of Pr, and Equation 7.29 may be used 
to obtain the thermal, as well as the velocity, boundary layer thicknesses. That is, for turbu- 
lent flow, 6 ~ 6,. 

Using Equation 7.28 with the modified Reynolds, or Chilton—Colburn, analogy, Equa- 
tion 6.38, the Jocal Nusselt number for turbulent flow is 


Nu, = St Re, Pr = 0.0296 Re*” Pr? 0.6 S Pr $60 (7.30) 


Enhanced mixing causes the turbulent boundary layer to grow more rapidly than the lami- 
nar boundary layer and to have larger friction and convection coefficients. 

Expressions for the average coefficients may now be determined. However, since the 
turbulent boundary layer is generally preceded by a laminar boundary layer, we first con- 
sider mixed boundary layer conditions. 
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7.2.3 Mixed Boundary Layer Conditions 


For laminar flow over the entire plate, Equations 7.24 and 7.25 may be used to compute the 
average coefficients. Moreover, if transition occurs toward the rear of the plate, for exam- 
ple, in the range 0.95 = (x,/L) = 1, these equations may be used to compute the average 
coefficients to a reasonable approximation. However, when transition occurs sufficiently 
upstream of the trailing edge, (x,/L) = 0.95, the surface average coefficients will be influ- 
enced by conditions in both the laminar and turbulent boundary layers. 

In the mixed boundary layer situation (Figure 7.3), Equation 6.10 may be used to 
obtain the average convection heat transfer coefficient for the entire plate. Integrating over 
the laminar region (0 = x = x,) and then over the turbulent region (x, < x = L), this equa- 


tion may be expressed as 
= 1 Me L 
h,=— i Mam ax + | Nery AX 
L 0 Xe 


where it is assumed that transition occurs abruptly at x = x,. Substituting from Equations 
7.21 and 7.30 for Ayn and hyp, respectively, we obtain 


a 2, k Ueo 1/2 (x, dx Uso 4/5 L dx ii 


Integrating, we then obtain 


Nu; = (0.037 Re#® — A) Pr'® Gan) 
ee <Pr<60 
8 


Re, S Re, = 10 


where the bracketed relations indicate the range of applicability and the constant A is deter- 
mined by the value of the critical Reynolds number, Re,... That is, 


A = 0.037 Re#? — 0.664 Re,’ (7.32) 


Similarly, the average friction coefficient may be found using the expression 


_ Ne L 
C; | oa ; (/ Co haen dx + i Cents ax) 
0 4 


Substituting expressions for Cry jam and Cy tury from Equations 7.18 and 7.28, respectively, 
and carrying out the integration provides an expression of the form 


2A 
er 
[Re,.. S Re, < 10°] 


Crt = 0.074 Rez? — (733) 


For a completely turbulent boundary layer (Re,,..= 0), A = 0. Such a condition may be 
realized by tripping the boundary layer at the leading edge, using a fine wire or some other 
turbulence promoter. For a transition Reynolds number of Re,.. = 5 X 10°, A = 871. 

All of the foregoing correlations require evaluation of the fluid properties at the film 
temperature, Equation 7.2. 
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72.4 Unheated Starting Length 


All the foregoing Nusselt number expressions are restricted to situations for which the sur- 
face temperature 7, is uniform. A common exception involves existence of an unheated 
starting length (T, = T.,) upstream of a heated section (T, # T,,). As shown in Figure 7.5, 
velocity boundary layer growth begins at x = 0, while thermal boundary layer development 
begins at x = €. Hence there is no heat transfer for 0 = x = €. Through use of an integral 
boundary layer solution [5], it is known that, for laminar flow, 


Nu,|¢-0 


= fl — (én (ee) 


Ux 


where Nu,|z-o, is given by Equation 7.21. In both Nu, and Nu,|¢~o, the characteristic length 
x is measured from the leading edge of the unheated starting length. It has also been found 
that, for turbulent flow, 


Nu,le=0 


Nu, fi — (Co (7.35) 
where Nu,|-— is given by Equation 7.30. 

By using Equation 6.10 with local convection coefficients given by the foregoing rela- 
tions, expressions may be obtained for the average Nusselt number of an isothermal plate 
with an unheated starting length [7]. For a plate of total length ZL, with laminar or turbulent 
flow over the entire surface, the expressions are of the form 


L 


Nu, = Nutle-o7 e 


[1 — (E/L) Pt Det 2p tD) (7.36) 


where p = 2 for laminar flow and p = 8 for turbulent flow. The quantity Nu,| =o is the 
average Nusselt number for a plate of length L when heating starts at the leading edge of 
the plate. For laminar flow, it can be obtained from Equation 7.25 (with x replaced by L); 
for turbulent flow it is given by Equation 7.31 with A = 0 (assuming turbulent flow over 
the entire surface). Note that Nu, is equal to hL/k, where h is averaged over the heated 
portion of the plate only, which is of length (L — €). The corresponding value of h, must 
therefore be multiplied by the area of the heated section to determine the total heat rate 
from the plate. 


FicuRE 7.5 Flat plate in parallel 
L__,x flow with unheated starting length. 
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7.2.5 Flat Plates with Constant Heat Flux Conditions 


It is also possible to have a uniform surface heat flux, rather than a uniform temperature, 
imposed at the plate. For laminar flow, it may be shown that [5] 


Nu, = 0.453 Ret” Pr'8 Pr20.6 G37) 
while for turbulent flow 
Nu, = 0.0308 Rei? Pr'® 0.6 S Pr S60 (7.38) 


Hence the Nusselt number is 36% and 4% larger than the constant surface temperature 
result for laminar and turbulent flow, respectively. Correction for the effect of an unheated 
starting length may be made by using Equations 7.37 and 7.38 with Equations 7.34 and 
7.35, respectively. If the heat flux is known, the convection coefficient may be used to 
determine the local surface temperature 


T(x) =T. + + (7.39) 


Since the total heat rate is readily determined from the product of the uniform flux and 
the surface area, g = q‘A,, it is not necessary to introduce an average convection coefficient 
for the purpose of determining g. However, one may still wish to determine an average sur- 


face temperature from an expression of the form 


(F mG Td =#( —* ay 
. L 0 L (0) k Nu, 


where Nu, is obtained from the appropriate convection correlation. Substituting from Equa- 
tion 7.37, it follows that 


UT, 
a= (7.40) 
kNu,, 
where 
Nur = 0.080\Rey- Pr (7.41) 


This result is only 2% larger than that obtained by evaluating Equation 7.25 at x = L. Dif- 
ferences are even smaller for turbulent flow, suggesting that any of the Nu, results obtained 
for a uniform surface temperature may be used with Equation 7.40 to evaluate (T, — T..). 
Expressions for the average temperature of a plate that is subjected to a uniform heat flux 
downstream of an unheated starting section have been obtained by Ameel [7]. 


7.2.6 Limitations on Use of Convection Coefficients 


Although the equations of this section are suitable for most engineering calculations, in 
practice they rarely provide exact values for the convection coefficients. Conditions vary 
according to free stream turbulence and surface roughness, and errors as large as 25% may 
be incurred by using the expressions. A detailed description of free stream turbulence 
effects is provided by Blair [8]. 
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7-3 Methodology for a Convection Calculation 


Although we have only discussed correlations for parallel flow over a flat plate, selection 
and application of a convection correlation for any flow situation are facilitated by follow- 
ing a few simple rules. 


1. 


Become immediately cognizant of the flow geometry. For example, does the problem 
involve flow over a flat plate, a sphere, or a cylinder? The specific form of the convec- 
tion correlation depends, of course, on the geometry. 


Specify the appropriate reference temperature and evaluate the pertinent fluid proper- 
ties at that temperature. For moderate boundary layer temperature differences, the film 
temperature, Equation 7.2, may be used for this purpose. However, we will consider 
correlations that require property evaluation at the free stream temperature and include 
a property ratio to account for the nonconstant property effect. 


Calculate the Reynolds number. Boundary layer conditions are strongly influenced by 
this parameter. If the geometry is a flat plate in parallel flow, determine whether the 
flow is laminar or turbulent. 


Decide whether a local or surface average coefficient is required. Recall that for 
constant surface temperature, the local coefficient is used to determine the flux at a par- 
ticular point on the surface, whereas the average coefficient determines the transfer rate 
for the entire surface. 


Select the appropriate correlation. 


iv | EXAMPLE 7.1 


Air at a pressure of 6 kN/m? and a temperature of 300°C flows with a velocity of 10 m/s 
over a flat plate 0.5 m long. Estimate the cooling rate per unit width of the plate needed to 
maintain it at a surface temperature of 27°C. 


SOLUTION 


Known: Airflow over an isothermal flat plate. 
Find: Cooling rate per unit width of the plate, g’ (W/m). 


Schematic: 


T.,= 300°C —»> 
u.,= 10 m/s —> 


p.. = 6 KN/m? —> rs = 27°C 
; L=0.5m >| 
x 
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Assumptions: 
1. Steady-state, incompressible flow conditions. 


2. Negligible radiation effects. 


Properties: Table A.4, air (T; = 437 K, p = 1 atm): v = 30.84 X 10°° m/s, k = 36.4 X 
10°? W/m: K, Pr = 0.687. As noted in Example 6.4, the properties k, Pr, c,, and ps may be 
assumed to be independent of pressure. However, for an ideal gas, the kinematic viscosity 
is inversely proportional to pressure. Hence the kinematic viscosity of air at 437 K and 
Po = 6X 10° N/m? is 


1.0133 X 10° N/m? 


i Nae = 5.21 X 10° *m’/s 
3 N/m? 


v = 30.84 X 10°° m7/s X 


Analysis: For a plate of unit width, it follows from Newton’s law of cooling that the rate 
of convection heat transfer to the plate is 
q ile 1) 
To determine the appropriate convection correlation for computing h, the Reynolds number 
must first be determined 
unl  10m/s X 0.5m 
¥ 5.21 X 10°* m’/s 


Hence the flow is laminar over the entire plate, and the appropriate correlation is given by 
Equation 7.25. 


= 9597 


Nu, = 0.664 Re}” Pr? = 0.664(9597)!” (0.687)'3 = 57.4 


The average convection coefficient is then 


7, — Nuk _ 57.4 x 0.0364 Wim: K 


= 4.18 W/m?-K 
L 0.5m 
and the required cooling rate per unit width of plate is 
q' = 4.18 W/m?: K X 0.5 m (300 — 27)°C = 570 W/m <J 


Comments: 
1. The results of Table A.4 apply to gases at atmospheric pressure. 


2. Example 7.1 in JHT demonstrates how to use the Correlations and Properties tools, 
which can facilitate performing convection calculations. 


EXAMPLE 7.2 

ESE El 

A flat plate of width w = 1 m is maintained at a uniform surface temperature, T, = 230°C, 
by using independently controlled, electrical strip heaters, each of which is 50 mm long. If 
atmospheric air at 25°C flows over the plate at a velocity of 60 m/s, at what heater is the 
electrical input a maximum? What is the value of this input? 
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SOLUTION 


Known: Airflow over a flat plate with segmented heaters. 


Find: Maximum heater power requirement. 


Schematic: 
Air 
Air T., = 25°C 
u,, = 60 m/s 


[_=-25¢ —> 
u,, = 60 m/s ——> 
— 


|. —>|50 mm\+— ia Insulation elec 
- Typical PIL; = 50 mm 
heater | L, = 250 mm 


Plate 1 


T, = 230°C 


Assumptions: 
1. Steady-state, incompressible flow conditions. 
2. Negligible radiation effects. 
3. Bottom surface of plate adiabatic. 


Properties: Table A.4, air (T;= 400K, p=1atm): v= 26.41 X 10 ms. k= 
0.0338 W/m: K, Pr = 0.690. 


Analysis: The location of the heater requiring the maximum electrical power may be 
determined by first finding the point of boundary layer transition. The Reynolds number 
based on the length L, of the first heater is 


— Uxly 60 m/s X 0.05 m 


=1.14«k 10 
B 26.41 X 10°° m/s 


Re, 


If the transition Reynolds number is assumed to be Re,,, = 5 X 10°, it follows that transi- 
tion will occur on the fifth heater, or more specifically at 


=v _ 26.41 X 10°° m/s 
X,. Re 


x 10° = 0.22 
p= hee Some FX 10 = 022m 


The heater requiring the maximum electrical power is that for which the average convec- 
tion coefficient is largest. Knowing how the local convection coefficient varies with distance 
from the leading edge, we conclude that there are three possibilities: 


1. Heater 1, since it corresponds to the largest local, laminar convection coefficient. 
2. Heater 5, since it corresponds to the largest local, turbulent convection coefficient. 
3. Heater 6, since turbulent conditions exist over the entire heater. 
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For each of these heaters, conservation of energy requires that 
Yelee ~ Fconv 
For the first heater, 
Wconv,1 hyLw(T, — T) 
where h, is determined from Equation 7.25, 


Nu, = 0.664 Re}? Pr'? = 0.664(1.14 x 10°)" (0.69)! = 198 


Hence 


es Nuk _ 198 X 0.0338 W/m: K 
1 


= 134 Wim?-K 
a 0.05 m ‘es 


and 
deonv,1 = 134 W/m? + K(0.05 X 1) m?(230 — 25)°C = 1370 W 


The power requirement for the fifth heater may be obtained by subtracting the total heat 
loss associated with the first four heaters from that associated with the first five heaters. 
Accordingly, 


conv.s = My -5Lsw(T, — To) — hy_4L,w(T, — To) 
eons = (hy-sLs — hy-4L4)w(T, — To) 
The value of h,_, may be obtained from Equation 7.25, where 
Nug = 0.664 Req” Pr'? 
With Re, = 4 Re, = 4.56 X 10°, 
Nuy = 0.664(4.56 X 10°)" (0.69)'" = 396 


Hence 


_ Nuk _ 396 X 0.0338 Wim: K 
ae a oN 0.2m 


= 67 W/m’: K 


In contrast, the fifth heater is characterized by mixed boundary layer conditions, and hi-s 
must be obtained from Equation 7.31, with A = 871. With Re; = 5 Re, = 5.70 X 10°, 


Nus = (0.037 Re#> — 871)Pr'® 
Nus = [0.037(5.70 X 10°)“° — 871](0.69)'? = 546 


Hence 


_ Nusk _ 546 X 0.0338 W/m:K 
Ps ake 0.25m 


= 74 W/m?:K 
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The rate of heat transfer from the fifth heater is then 


eonvs = (74 Wim? K X 0.25 m — 67 W/m?+K X 0.20 m) 
x 1m(230 — 25)°C 
eonv,5 = 1050 W 


Similarly, the power requirement for the sixth heater may be obtained by subtracting the 
total heat loss associated with the first five heaters from that associated with the first six 
heaters. Hence 


Jconv.6 — (hi. Le — h,_sLs)w(T, = Ta) 
where h,_, may be obtained from Equation 7.31. With Re, = 6 Re, = 6.84 X 10°, 
Nu = [0.037(6.84 X 10°)*° — 871](0.69)'? = 753 


Hence 


7, . — Nuok _ 753 x 0.0338 W/mK 


_ = 2.K 
aro 0.30 m a 


and 


eonv,6 = (85 W/m?+K X 0.30m — 74 W/m?: K X 0.25 m) 
X 1m (230 — 25)°C 
Jeonv,6 = 1440 W <q 


Hence Geony6 > Yconv.1 > Yeonvs> aNd the sixth plate has the largest power requirement. 


Comments: 


1. An alternative, less accurate method of finding the convection heat transfer rate from a 
particular plate involves estimating an average local convection coefficient for the surface. 
For example, Equation 7.30 could be used to evaluate the local convection coefficient at 
the midpoint of the sixth plate. With x = 0.275 m, Re, = 6.25 X 10°, Nu, = 1130, and 
h, = 139 W/m? K, the convection heat transfer rate from the sixth plate is 


conv,6 = h(Le ~~ L;)w(T, _ T..) 
conv, 6 = 139 W/m? + K (0.30 — 0.25) m X 1 m (230 — 25)°C = 1430 W 


This procedure must be used with great caution and only when the variation of the local 
convection coefficient with distance is gradual, such as in turbulent flow. It could lead to 
significant error when used for a surface that experiences transition. 


2. The variation of the local convection coefficient along the flat plate may be determined 
from Equations 7.21 and 7.30 for laminar and turbulent flow, respectively, and the 
results are represented by the solid curves of the following schematic: 
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h, (Wim?*K) 


8.00. 0.05. 0.10. 0.15. 0.20... 0.25. 0.30 
x (m) 0 


The x‘ decay of the laminar convection coefficient is presumed to conclude abruptly 
at x, = 0.22 m, where transition yields more than a fourfold increase in the local con- 
vection coefficient. For x > x,, the decay in the convection coefficient is more gradual 
(x '°). The dashed lines represent extensions of the distributions, which would apply 
if the value of x, were shifted. For example, if the free stream turbulence were to 
increase and/or the surface were to be roughened, Re,,. would decrease. The smaller 
value of x, would cause the laminar and turbulent distributions, respectively, to extend 
over smaller and larger portions of the plate. A similar effect may be achieved by 
increasing u,,. In this case larger values of h, would be associated with the laminar and 


turbulent distributions (Ajgm ~ Ux, Mi ~ Us>). 


3. This example is solved in the Advanced section of HT. 
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74.1 Flow Considerations 


Another common external flow involves fluid motion normal to the axis of a circular cylin- 
der. As shown in Figure 7.6, the free stream fluid is brought to rest at the forward stagna- 
tion point, with an accompanying rise in pressure. From this point, the pressure decreases 
with increasing x, the streamline coordinate, and the boundary layer develops under the 
influence of a favorable pressure gradient (dpldx <0). However, the pressure must 


U., (x) 
——_ 
= i 
V—_ 
—- 


Forward FicurE 7.6 Boundary layer formation 
Separation point 


stagnation point and separation on a circular cylinder in 


Boundary layer cross flow. 
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FicurE 7.7 Velocity profile associated with separation on a circular 
cylinder in cross flow. 


eventually reach a minimum, and toward the rear of the cylinder further boundary layer 
development occurs in the presence of an adverse pressure gradient (dp/dx > 0). 

In Figure 7.6, the distinction between the upstream velocity V and the free stream 
velocity u., should be noted. Unlike conditions for the flat plate in parallel flow, these 
velocities differ, with u,, now depending on the distance x from the stagnation point. 
From Euler’s equation for an inviscid flow [9], u..(x) must exhibit behavior opposite to 
that of p(x). That is, from u., = 0 at the stagnation point, the fluid accelerates because of 
the favorable pressure gradient (du../dx >0 when dp/dx <0), reaches a maximum 
velocity when dp/dx = 0, and decelerates because of the adverse pressure gradient 
(du,,/dx < 0 when dp/dx > 0). As the fluid decelerates, the velocity gradient at the sur- 
face, Juldy\,—os eventually becomes zero (Figure 7.7). At this location, termed the separa- 
tion point, fluid near the surface lacks sufficient momentum to overcome the pressure 
gradient, and continued downstream movement is impossible. Since the oncoming fluid 
also precludes flow back upstream, boundary layer separation must occur. This is a con- 
dition for which the boundary layer detaches from the surface, and a wake is formed in 
the downstream region. Flow in this region is characterized by vortex formation and is 
highly irregular. The separation point is the location for which duldy 9 = 0. An excel- 
lent review of flow conditions in the wake of a circular cylinder is provided by 
Coutanceau and Defaye [10]. 

The occurrence of boundary layer transition, which depends on the Reynolds number, 
strongly influences the position of the separation point. For the circular cylinder the charac- 
teristic length is the diameter, and the Reynolds number is defined as 


Since the momentum of fluid in a turbulent boundary layer is larger than in the laminar 
boundary layer, it is reasonable to expect transition to delay the occurrence of separation. 
If Rep <2 X 10°, the boundary layer remains laminar, and separation occurs at 6 ~ 80° 
(Figure 7.8). However, if Rep = 2 X 10°, boundary layer transition occurs, and separation 
is delayed to 6 ~140°. 

The foregoing processes strongly influence the drag force, Fp, acting on the cylinder. 
This force has two components, one of which is due to the boundary layer surface shear 
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Laminar Laminar Transition Turbulent 
boundary boundary boundary 
layer layer 
— — 
v— y—» 
—s eres 
Rep 2x 10° Rep 22x 10° 
Separation Separation 


FicurE 7.8 The effect of turbulence on separation. 


stress (friction drag). The other component is due to a pressure differential in the flow 
direction resulting from formation of the wake (form, or pressure, drag). A dimensionless 
drag coefficient Cp may be defined as 


F 
Cp = —— (7.42) 
A,(pV7/2) 


where A; is the cylinder frontal area (the area projected perpendicular to the free stream 
velocity). The drag coefficient is a function of the Reynolds number and results are 
presented in Figure 7.9. For Rep S 2 separation effects are negligible, and conditions 
are dominated by friction drag. However, with increasing Reynolds number, the effect 
of separation, and therefore form drag, becomes more important. The large reduction in 
Cp that occurs for Rep = 2 X 10° is due to boundary layer transition, which delays 
separation, thereby reducing the extent of the wake region and the magnitude of the 
form drag. 


60 No separation 


Cp 


Smooth cylinder 


1071 10° 10! 102 10 104 10° 10°& 


FicurE 7.9 Drag coefficients for a smooth circular cylinder in cross flow and for a sphere [2]. 
Boundary layer separation angles are for a cylinder. Adapted with permission. 
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ZA.2 Convection Heat Transfer 


Experimental results for the variation of the local Nusselt number with 6 are shown in 
Figure 7.10 for the cylinder in a cross flow of air. Not unexpectedly, the results are strongly 
influenced by the nature of boundary layer development on the surface. Consider condi- 
tions for Rep S 10°. Starting at the stagnation point, Nu, decreases with increasing 6 as a 
result of laminar boundary layer development. However, a minimum is reached at 6 ~ 80°, 
where separation occurs and Nu, increases with @ due to mixing associated with vortex for- 
mation in the wake. In contrast, for Rep = 10° the variation of Nu, with @ is characterized 
by two minima. The decline in Nu, from the value at the stagnation point is again due to 
laminar boundary layer development, but the sharp increase that occurs between 80° and 
100° is now due to boundary layer transition to turbulence. With further development of the 
turbulent boundary layer, Nug again begins to decline. Eventually separation occurs 
(6 ~ 140°), and Nug increases as a result of mixing in the wake region. The increase in Nit, 
with increasing Rep is due to a corresponding reduction in the boundary layer thickness. 

Correlations may be obtained for the local Nusselt number, and at the forward stagna- 
tion point for Pr 2 0.6, boundary layer analysis [5] yields an expression of the following 
form, which is most accurate at low Reynolds number: 


Nu,(@ = 0) = 1.15 Re}? Pr'? (7.43) 
However, from the standpoint of engineering calculations, we are more interested in overall 
average conditions. An empirical correlation due to Hilpert [11] that has been modified to 
account for fluids of various Prandtl numbers, 


Nup = = Cnet re (7.44) 


is widely used for Pr 2 0.7, where the constants C and m are listed in Table 7.2. Equation 
7.44 may also be used for flow over cylinders of noncircular cross section, with the charac- 
teristic length D and the constants obtained from Table 7.3. In working with Equations 7.43 
and 7.44 all properties are evaluated at the film temperature. 


Ficure 7.10 Local Nusselt number for 
airflow normal to a circular cylinder. 
(Adapted with permission from 
Zukauskas, A., “Convective Heat Transfer 
in Cross Flow,” in S. Kakac, R. K. Shah, 
and W. Aung, Eds., Handbook of 
0) 30 60 90 120 150 180  Single-Phase Convective Heat Transfer, 
Angular coordinate, @ Wiley, New York, 1987.) 
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TABLE 7.2 Constants of Equation 7.44 for 
the circular cylinder in cross flow [11, 12] 


Rep Cc m 
0.4-4 0.989 0.330 
4-40 0.911 0.385 
40-4000 0.683 0.466 
4000—40,000 0.193 0.618 
40,000—400,000 0.027 0.805 


Other correlations have been suggested for the circular cylinder in cross flow [15, 16, 17]. 
The correlation due to Zukauskas [16] is of the form 


— Pr \"4 
Nup = C Re’y Pr" Pr. (7.45) 


fe <Pr< ca 


1SRe,3 10° 


where all properties are evaluated at T.,, except Pr,, which is evaluated at T,. Values of C 
and m are listed in Table 7.4. If Pr S 10, n = 0.37; if Pr = 10, n = 0.36. Churchill and 
Bernstein [17] have proposed a single comprehensive equation that covers the entire range 


TABLE 7.3 Constants of Equation 7.44 for noncircular cylinders 
in cross flow of a gas [13, 14] 


Geometry Rep Cc m 
Square 
= © b 6000-60,000 0.304 0.59 
v—> tp 5000-60,000 0.158 0.66 
Hexagon 
oe t 5200-20,400 0.164 0.638 
7 20,400-105,000 0.039 0.78 
, 
v—> [ 4500-90,700 0.150 0.638 
Thin plate perpendicular to flow 
ry Front — 10,000-50,000 0.667 0.500 
v—> D 
Back 7000-80,000 0.191 0.667 


“These tabular values are based on the recommendations of Sparrow et al. [14] for air, with exten- 
sion to other fluids through the Pr'? dependence of Equation 7.44. A Prandtl number of Pr = 0.7 
was assumed for the experimental results for air that are described in [14]. 
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TABLE 7.4 Constants of Equation 7.45 for 
the circular cylinder in cross flow [17] 


Rep Cc m 
1-40 0.75 0.4 
40-1000 0.51 0.5 
10°-2 x 10° 0.26 0.6 

2 X 10°-10° 0.076 0.7 


of Rep for which data are available, as well as a wide range of Pr. The equation is recom- 
mended for all Rep Pr = 0.2 and has the form 


— 0.62 Rej,” Pr'® Romy VBE a 
Mase se es ea 7.46 
ae [1 + (0.4/Pr)°3]"4 282,000 ce 


where all properties are evaluated at the film temperature. 

Again we caution the reader not to view any of the foregoing correlations as 
sacrosanct. Each correlation is reasonable over a certain range of conditions, but for most 
engineering calculations one should not expect accuracy to much better than 20%. 
Because they are based on more recent results encompassing a wide range of conditions, 
Equations 7.45 and 7.46 are generally used for the calculations of this text. Detailed 
reviews of the many correlations that have been developed for the circular cylinder have 
been provided by Sparrow et al. [14] as well as Morgan [18]. 


EXAMPLE 7.3 

—————————— aw 

Experiments have been conducted on a metallic cylinder 12.7 mm in diameter and 94 mm 
long. The cylinder is heated internally by an electrical heater and is subjected to a cross 
flow of air in a low-speed wind tunnel. Under a specific set of operating conditions for 
which the upstream air velocity and temperature were maintained at V = 10 m/s and 
26.2°C, respectively, the heater power dissipation was measured to be P = 46 W, while the 
average cylinder surface temperature was determined to be T, = 128.4°C. It is estimated 
that 15% of the power dissipation is lost through the cumulative effect of surface radiation 
and conduction through the endpieces. 


Thermocouple for measuring 
airstream temperature 


Heated 
cylinder 


Insulated 
endpiece 


Pitot tube for 
determining velocity 


Thermocouple 
leads 


Power leads 
to electrical heater 
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1. Determine the convection heat transfer coefficient from the experimental observations. 


2. Compare the experimental result with the convection coefficient computed from an 
appropriate correlation. 


SOLUTION 
i a | 


Known: Operating conditions for a heated cylinder. 


Find: 
1. Convection coefficient associated with the operating conditions. 


2. Convection coefficient from an appropriate correlation. 


Schematic: 
T., = 26.2°C T, = 128.4°C 
V=10 m/s 4 
q=39.1W “tt 
P=46.0W G¢ 
a 
D=12.7 mm 
Assumptions: 


1. Steady-state, incompressible flow conditions. 


2. Uniform cylinder surface temperature. 


Properties: Table A4, air (T., = 26.2°C ~ 300 K): v = 15.89 X 10° °m’/s, k = 26.3 X 10° 
W/m:K, Pr = 0.707. Table A.4, air (T;~ 350K): v = 20.92 X 10°° m’/s, k = 30 X 10°? 
W/m: K, Pr = 0.700. Table A.4, air (T, = 128.4°C = 401 K): Pr = 0.690. 


Analysis: 
1. The convection heat transfer coefficient may be determined from the data by using 
Newton’s law of cooling. That is, 


q 


—— a 
A(T, — Tx) 


With g = 0.85P and A = 7DL, it follows that 


Z 0.85 <x 46 W 


h= = 102 20K <J 
7X 0.0127 m X 0.094 m(1284 — 26.2 10? W/m 


2. Working with the Zukauskas relation, Equation 7.45, 


— Pr \'4 
Nutp = C Re’, Pr" | =" 
Pr 


Ss 
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all properties, except Pr,, are evaluated at T,,. Accordingly, 


_ VD _ 10m/s X 0.0127 m 
Ee 15.89 X 10°° m’/s 


Hence, from Table 7.4, C = 0.26 and m = 0.6. Also, since Pr < 10, n = 0.37. It fol- 
lows that 


Rep = 7992 


0.25 
Nu = 0.26(7992)°5(0.707)°27 ( 2707) = 505 


0.690 
a i oe 0.0263 W/m: K _ 2, 
h uD 50.5 0.0127 m 105 W/m*: K < 
Comments: 
1. Using the Churchill relation, Equation 7.46, 


ee 0.62 Rez” Pri? ica Re, \58|*° 
Up = Vz. T 
. [1 + (0.4/Pr)?3]"4 282,000 


With all properties evaluated at T;, Pr = 0.70 and 


_ VD _ 10m/s X 0.0127 m 
v- 20.92 X 10° m7/s 


Hence the Nusselt number and the convection coefficient are 


=) 62 1 1/2 7 1/3 5/8 4/5 
0g ee a ( ou = 40.6 
[1 + (0.4/0.70)*7]"4 282,000 


Rep = 6071 


= Nup k _ 40.6 0.030 W/m: K 


- 2, 
D 0.0127 m 96.0 W/m-:K 


Alternatively, from the Hilpert correlation, Equation 7.44, 
Nup = C Rep Pr” 


With all properties evaluated at the film temperature, Rep = 6071 and Pr = 0.70. 
Hence, from Table 7.2, C = 0.193 and m = 0.618. The Nusselt number and the con- 
vection coefficient are then 


Nup = 0.193(6071)°°'8(0.700)°?8 = 37.3 


0.030 W/m: K 
0.0127 m 


h = Nip k= 373 = 88 Wim?+K 


. Uncertainties associated with measuring the air velocity, estimating the heat loss from 


cylinder ends, and averaging the cylinder surface temperature, which varies axially 
and circumferentially, render the experimental result accurate to no better than 15%. 
Accordingly, calculations based on each of the three correlations are within the experi- 
mental uncertainty of the measured result. 


3. Recognize the importance of using the proper temperature when evaluating fluid properties. 
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EXAMPLE 7.4: 
SSS 
Because the molecular weight of hydrogen is very small, storing significant amounts in its 
gaseous form requires very large, high-pressure containers. In situations where use of such 
high-pressure storage is not feasible, such as in automotive applications, the H, is typically 
stored by adsorbing it into a metal hydride powder. The hydrogen is subsequently desorbed 
as needed, by heating the metal hydride throughout its volume. 

Gaseous, desorbed hydrogen is present within the interstitial regions of the powder at a 
pressure that depends on the metal hydride temperature as 


Pu, = exp(—3550/T + 12.9) 


where py, is the hydrogen pressure in atmospheres and T is the metal hydride temperature 
in kelvins. The desorption process is an endothermic chemical reaction corresponding to a 
thermal generation rate expressed as 


E, = —my, X (29.5 X 10° kJ/kg) 


where iy, is the hydrogen desorption rate (kg/s). Thermal energy must be supplied to the 
metal hydride in order to maintain a sufficiently high operating temperature. The operating 
temperature is determined by the requirement that the hydrogen pressure remain above 
1 atm so that hydrogen can be removed from the metal hydride. 

At a steady-state cruising speed of V = 25 m/s, a fuel cell-powered automobile con- 
sumes my, = 1.35 X 10“ kg/s of hydrogen, which is supplied from a cylindrical, stainless 
steel canister with inside diameter D, = 0.1 m, length L = 0.8m, and wall thickness 
t = 0.5 mm. The canister, which is loaded with metal hydride powder, is installed in the 
vehicle so that it is subject to air in cross flow at V = 25 m/s, T., = 23°C. Determine how 
much additional heating, beyond that supplied by convection from the warm air, should be 
supplied to the canister so that py, > pg = 1 atm. 


Flow regulator 


Metal hydride 
storage tank 


SOLUTION 
SS 


Known: Size of a hydrogen storage canister, hydrogen desorption rate, required hydro- 
gen operating pressure, velocity, and temperature of air in cross flow. 


Find: The convective heat transfer to the canister and the additional heating needed to 
sustain Py, > Pie. 
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Schematic: 
T., = 23°C 
V=25m/s T 
as 
t= 0.05 mm 
( og SS L20.8m Stainless steel wall 
Ps \ 
D,=0.1m Metal hydride, E, 
Assumptions: 


1. Steady-state, incompressible flow conditions. 

. Uniform cylinder surface temperature. 

. Negligible heat gain through the ends of the cylinder. 
. Uniform metal hydride temperature. 


an bk WwW NY 


. Negligible contact resistance between the canister wall and the metal hydride. 


Properties: Table A.4, air (T; = 285 K): vy = 14.56 X 10° m’/s, k = 25.2 X 10°37 Wim: K, 
Pr = 0.712. Table A.1, AISI 316 stainless steel (7,, ~ 300 K): k,, = 13.4 W/m: K. 


Analysis: We begin by finding the minimum allowable operating temperature of the metal 
hydride, T,,;,, corresponding to Py, min = 1 atm. The relationship between the operating tem- 
perature and pressure may be rearranged to yield 


oe —3550  _ — —3550 
mn In(Priymin) — 12.9 In(1) — 12.9 


= 275.2 K 


The thermal energy generation rate associated with the desorption of hydrogen from the 
metal hydride at the required flow rate is 


E, = —(1.35 X 10™* kg/s) X (29.5 X 10° J/kg) = —3982 W 


To determine the convective heat transfer rate, we begin by calculating the Reynolds number: 
_ VD, + 2t) _ 23 m/s X (0.1 m + 2 X 0.005 m) 


Re = 173,760 
‘ 3 14.56 X 10° m/s 
Use of Equation 7.46 
= 62 Ret? pr!3 R 59 145 
Nup = 0.3 4 O62 Reord 1+( €p 
[1 + (0.4/Pr)73]'4 282,000 
yields 
ss 0.62: 173,760 1/2 0.712 1/3 173,760 5/8 4/5 
Nup = 0.3 4 ( ) alle +( = 3158 
[1 + (0.4/0.712)79]"" 282,000 
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Therefore, the average convection heat transfer coefficient is 


= 72.6 Wim’: K 


a k 25.3 x 10-7 W/m: K 
h= =315.8 x 
Nun + di ae (0.1 m + 2 X 0.005 m) 


Simplifying Equation 3.34, we find 


7 no 
on 1 In{(D, + 20/D\] 
amL(D,; + 2h 27k,,L 


or, substituting values, 


7 296 K — 275.2K 
saa \ ~Inf(0.1 m + 2 X 0.005 m)/0.1 m] 
a(0.8 m)(0.1 m + 2 X 0.005 m)(72.6 W/m?- K) 27(13.4 W/m: K)(0.8 m) 
= 406 W 


The additional thermal energy, q, ,, that must be supplied to the canister to maintain the 
steady-state operating temperature may be found from an energy balance, qaag + Goony + 
E, = 0. Therefore, 


dadd = conv E = 406 W + 3982 W = 3576 W <J 


& 


Comments: 


1. Additional heating will occur due to radiation, conduction from the canister mounting 
hardware and fuel lines, and possibly condensation of water vapor on the cool canister. 
Waste heat from the fuel cell (see Example 3.11) might also be used as a source of 
thermal energy for the hydrogen storage canister. 


2. The thermal resistances associated with conduction in the canister wall and convection 
are 0.0014 K/W and 0.053 K/W, respectively. The convection resistance dominates 
and can be reduced by adding fins to the exterior of the canister. 


3. The amount of additional heating that is required will increase if the automobile is 
operated at a higher speed, since the hydrogen consumption scales as V*, while the 
convective heat transfer coefficient increases as V’’ to V°*. Additional heating is also 
needed when the automobile is operated in a cooler climate. 


7.0 The Sphere 


Boundary layer effects associated with flow over a sphere are much like those for the circu- 
lar cylinder, with transition and separation playing prominent roles. Results for the drag 
coefficient, which is defined by Equation 7.42, are presented in Figure 7.9. In the limit of 


Ad 
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very small Reynolds numbers (creeping flow), the coefficient is inversely proportional to 
the Reynolds number and the specific relation is termed Stokes’ law 


Numerous heat transfer correlations have been proposed, and Whitaker [15] recom- 
mends an expression of the form 


All properties except , are evaluated at T,,. A special case of convection heat transfer 
from spheres relates to transport from freely falling liquid drops, and the correlation of 
Ranz and Marshall [19] is often used 


In the limit Rep — 0, Equations 7.48 and 7.49 reduce to Nup = 2, which corresponds to 
heat transfer by conduction from a spherical surface to a stationary, infinite medium around 
the surface, as may be derived from Case 1 of Table 4.1. 

= —————] 


EXAMPLE 7.5 


Electrical circuitry is written onto a photovoltaic panel by depositing a stream of small 
(D = 55 pm) droplets of electrically conducting ink from a thermal inkjet printer. The drops 
are at an initial temperature of T; = 200°C, and it is desirable for them to strike the panel at a 
temperature of Tyna, = 50°C. The quiescent air and surroundings are at T,, = Ty, = 25°C, 
and the drops are ejected from the print head at their terminal velocity. Determine the 
required standoff distance L between the printer and the photovoltaic panel. The properties 
of the electrically conducting ink drop are p,= 2400kg/m*, c, = 800J/kg-K, and 
ky = 5.0 W/m: K. 


SOLUTION 


Known: Droplet size and properties, initial and desired final droplet temperature. Droplet 
injected at its terminal velocity. 


Find: Required standoff distance between the printer and the photovoltaic panel. 
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Schematic: 


Thermal inkjet printer 


Quiescent air 


ie 2520 
Droplets, L 
: aha D=55 um 
Written circuit 
Trina = 50°C 


Photovoltaic panel 


Assumptions: 


1. The Nusselt number is approximated by the Ranz and Marshall correlation for a falling 
droplet, Equation 7.49. 


. Constant air properties evaluated at 25°C. 
. Negligible radiation effects. 
. Negligible temperature variation within the droplets (lumped capacitance approximation). 


an b&b WwW N 


. Drag coefficient is determined by Stokes’ law. 


Properties: Table A.4, air (I; = 75°C): p = 1.002 kg/m’, v = 20.72 X 10°° m’/s. Table 
A4, ait (Tx. = 25°C): v = 15.71 X 107° m/s, k = 0.0261 W/m: K, Pr = 0.708. 


Analysis: Since the droplets travel at their terminal velocities, the net force on each drop 
must be zero. Hence the weight of the drop is offset by the buoyancy force associated with 
the displaced air and the drag force: 


3 3 2, 2 
pas = 2) = nem 2) ar co 2)(p v) (1) 


where Equation 7.42 has been used to express the drag force Fp. Since the droplets are 
small, we anticipate that the Reynolds number will also be small. If this is the case, Stokes’ 
law, Equation 7.47 may be used to express the drag coefficient as 


_ 24 _ Av 


= — 2 
> Rey VD 2) 
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Substituting Equation (2) into Equation (1) and solving for the velocity, 


gD° 9.81 m/s”? X (55 X 10° *my 
ve (Pa — p) = 63 3 
18 X 20.72 x 10°” m*/s X 1.002 kg/m 


18vp 
= 0.190 m/s = 190 mm/s 


X (2400 — 1.002)kg/m? 


Therefore, the Reynolds number is Rey = VD/v = 0.190 m/s X 55 X 10°° m/20.72 X 10°° 
m’/s = 0.506, and use of Stokes’ law is appropriate. The Nusselt number and convection 
coefficient can be calculated from the Ranz and Marshall correlation, Equation 7.49, using 
properties evaluated at the free stream temperature (see Table 7.7): 


0.190 m/s X 55 X10°°m 
15.71 X 10° m/s 


= 12 
Nup = 2 + 0.6 Rep” Pr'? =2 + 0.6 X ( X 0.708! = 2.44 


7, — Nuok _ 2.44 x 0.0261 W/m+K _ 


1160 W/m?:K 
D 55X10 °m 


Applying the lumped capacitance method, Equation 5.5, the required time-of-flight is then 
0 


PaVCq i PaCaD te 
t=—= In = —— In 
hA, Oéinat 6h er eee ee 


S 


2400 kg/m? X 800 J/kg-K X 55 X 107m (oo — ae 
6 X 1160 W/m?+K (50 — 25)°C 


= 0.030 s 
and the standoff distance is 


L= Vt = 0.190 m/s X 0.030 s = 0.0056 m = 5.6 mm <J 


Comments: 


1. The validity of the lumped capacitance method may be determined by calculating the 
Biot number. Applying Equation 5.10 in the conservative fashion with L. = D/2, 


jp — WPI) _ (1160 W/m2+K X 55 X 107m 
i 2 


P 


)[so W/m: K = 0.006 < 0.1 


and the criterion is satisfied. 


2. Use of Equation 7.47, Stokes’ law, to describe the Reynolds number dependence of 
the drag coefficient is valid since Rep = 0.5. For larger particles, Figure 7.9 would 
need to be consulted to determine the relationship between Cp and Rep. 


3. Ifthe particles were not injected at their terminal velocity, they would either accelerate 
or decelerate during flight, complicating the analysis. 


4. Assuming blackbody behavior and using the maximum (initial) temperature of the particle, 
T, = 473K, the maximum radiation heat transfer coefficient is h,. =o (T, + Ty) 
(T? + T?,,) = 5.67 X 10-8 Wim?-K?* X (473 K + 298 K) X [(473 K)? + (298 K)”] = 


13.7 W/m’: K. Since h, </h, radiation heat transfer is negligible. 
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76 Flow Across Banks of Tubes 


Heat transfer to or from a bank (or bundle) of tubes in cross flow is relevant to numerous 
industrial applications, such as steam generation in a boiler or air cooling in the coil of an 
air conditioner. The geometric arrangement is shown schematically in Figure 7.11. Typi- 
cally, one fluid moves over the tubes, while a second fluid at a different temperature passes 
through the tubes. In this section we are specifically interested in the convection heat trans- 
fer associated with cross flow over the tubes. 

The tube rows of a bank can be either aligned or staggered in the direction of the fluid 
velocity V (Figure 7.12). The configuration is characterized by the tube diameter D and 


Fluid in cross flow 


a4” tube bank 


Internal flow of fluid 
through tube 


Row 1 Row 2 Row 3 Row 3 Row 4 


Ficure 7.12 Tube arrangements in a bank. (a) Aligned. (b) Staggered. 
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by the transverse pitch S; and longitudinal pitch S;, measured between tube centers. Flow 
conditions within the bank are dominated by boundary layer separation effects and by wake 
interactions, which in turn influence convection heat transfer. 

Flow around the tubes in the first row of a tube bank is similar to that for a single (iso- 
lated) cylinder in cross flow. Correspondingly, the heat transfer coefficient for a tube in the 
first row is approximately equal to that for a single tube in cross flow. For downstream 
rows, flow conditions depend strongly on the tube bank arrangement (Figure 7.13). Aligned 
tubes beyond the first row reside in the wakes of upstream tubes, and for moderate values 
of S$, convection coefficients associated with downstream rows are enhanced by mixing, or 
turbulation, of the flow. Typically, the convection coefficient of a row increases with 
increasing row number until approximately the fifth row, after which there is little change 
in flow conditions and hence in the convection coefficient. For large S,, the influence of 
upstream rows decreases, and heat transfer in the downstream rows is not enhanced. For 
this reason, operation of aligned tube banks with S/S, < 0.7 is undesirable. For the stag- 
gered tube array, the path of the main flow is more tortuous, and mixing of the cross-flow- 
ing fluid is increased relative to the aligned tube arrangement. In general, heat transfer 
enhancement is favored by the more tortuous flow of a staggered arrangement, particularly 
for small Reynolds numbers (Rep = 100). 


ame >. Si aa 
— ss e~ 5) = 
ea a C=—=eé”--------- 
— 
OES ee —we ce 


a7 fF - 7 c ee Preferred 
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a _L 
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Ficure 7.13 Flow conditions for (a) aligned and (b) staggered tubes. 
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Typically, we wish to know the average heat transfer coefficient for the entire tube 
bank. Zukauskas [16] has proposed a correlation of the form 


i 4 
ba 26, Re PAM Pr) | (7.50) 
N,, = 20 
0.7 < Pr <500 


10 Rep = 2 10° 


where N, is the number of tube rows, all properties except Pr, are evaluated at the arith- 
metic mean of the fluid inlet (7; = T,,) and outlet (7) temperatures, and the constants C, and 
mare listed in Table 7.5. The need to evaluate fluid properties at the arithmetic mean of the 
inlet and outlet temperatures is dictated by the fact that the fluid temperature will decrease 
or increase, respectively, due to heat transfer to or from the tubes. If the change of the mean 
fluid temperature, |7; — T,], is large, significant error could result from the evaluation of the 
properties at the inlet temperature. 

If there are 20 or fewer rows of tubes, N, <= 20, the average heat transfer coefficient is 
typically reduced, and a correction factor may be applied such that 


Nup (N,<20) — C,Nup (N,=20) (7.51) 


where C, is given in Table 7.6. 

The Reynolds number Re,,,,, for the foregoing correlation is based on the maximum 
fluid velocity occurring within the tube bank, Rep max = PVimaxD/m. For the aligned arrange- 
ment, V,,,, occurs at the transverse plane A, of Figure 7.12a, and from the mass conserva- 
tion requirement for an incompressible fluid 


V (7.52) 


TABLE 7.5 Constants of Equation 7.50 for the tube bank 
in cross flow [16] 


Configuration Rep max C, m 
Aligned 10-10? 0.80 0.40 
Staggered 10-10? 0.90 0.40 
Aligned 107-10° Approximate as a single 
Staggered 107-10° (isolated) cylinder 
Aligned 10°-2 X 10° 0.27 0.63 
(S;/S;, > 0.7)" 

Staggered 10°-2 x 10° 0.35(S;/S,)!° 0.60 
(S7/S, < 2) 

Staggered 10°-2 X 10° 0.40 0.60 
(S7/S;, > 2) 

Aligned 2 X 10°-2 x 10° 0.021 0.84 
Staggered 2 X 10°-2 x 10° 0.022 0.84 


“For S;/S, < 0.7, heat transfer is inefficient and aligned tubes should not be used. 
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TABLE 7.6 Correction factor C, of Equation 7.51 for N; < 20 
(Rep max z= 10°) [16] 


Ni 1 2 3 4 5 7 10 13 16 


Aligned 0.70 0.80 0.86 0.90 0.92 0.95 0.97 0.98 0.99 
Staggered 0.64 0.76 0.84 0.89 0.92 0.95 0.97 0.98 0.99 


For the staggered configuration, the maximum velocity may occur at either the transverse 
plane A, or the diagonal plane A, of Figure 7.12b. It will occur at A, if the rows are 
spaced such that 


2(Sp — D) as (Sp ~~ D) 


The factor of 2 results from the bifurcation experienced by the fluid moving from the A, to 
the A, planes. Hence V,,,, occurs at A, if 


Sp\2|2  §,+D 
s,=|si+ (2) | 7 


Sr 
—— V 
2(Sp ~~ D) 


in which case it is given by 


Vinax = (7.53) 


If Vinax OCcurs at A, for the staggered configuration, it may again be computed from 
Equation 7.52. 

Since the fluid may experience a large change in temperature as it moves through the 
tube bank, the heat transfer rate could be significantly overpredicted by using AT = T, — T.. 
as the temperature difference in Newton’s law of cooling. As the fluid moves through the 
bank, its temperature approaches 7, and |AT| decreases. In Chapter 8, the appropriate form of 
AT is shown to be a log-mean temperature difference, 


Nie = (T, a T)) = (ee = I) (7.54) 


fae 
ewe 
where 7, and 7, are temperatures of the fluid as it enters and leaves the bank, respectively. 
The outlet temperature, which is needed to determine A7,,,, may be estimated from 


(7.55) 


Ss L 


ly h 
s Oe exp|— a@DNh 
77 1 pVN7Src, 
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where JN is the total number of tubes in the bank and N; is the number of tubes in each 
row. Once A7,,, is known, the heat transfer rate per unit length of the tubes may be com- 
puted from 


q' = NAmDAT,») (7.56) 


Additional results, obtained for specific values of S7/D and S,/D, are reported by 
Zukauskas [16] and Grimison [20]. The results of Grimison are restricted to air as the 
cross-flowing fluid, and predicted values of the average Nusselt numbers generated by 
the correlations of the two references agree to within approximately 15% over a broad 
range of Rep max- 

We close by recognizing that there is generally as much interest in the pressure drop 
associated with flow across a tube bank as in the overall heat transfer rate. The power 
required to move the fluid across the bank is often a major operating expense and is directly 
proportional to the pressure drop, which may be expressed as [16] 


Dy 
Ap = wa? = f (7.57) 


The friction factor fand the correction factor y are plotted in Figures 7.14 and 7.15. Figure 
7.14 pertains to a square, in-line tube arrangement for which the dimensionless longitudi- 
nal and transverse pitches, P,; = S,/D and P; = S,/D, respectively, are equal. The correc- 
tion factor x, plotted in the inset, is used to apply the results to other in-line arrangements. 
Similarly, Figure 7.15 applies to a staggered arrangement of tubes in the form of an equi- 
lateral triangle (S; = Sp), and the correction factor enables extension of the results to other 


P, = S,/D 


P= S,/D 


“10! 102 103 104 10° 10° 
Rep max 


Ficure 7.14 Friction factor f and correction factor y for Equation 7.57. In-line tube bundle 
arrangement [16]. (Used with permission.) 
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FicuRE 7.15 Friction factor f and correction factor x for Equation 7.57. Staggered tube 
bundle arrangement [16]. (Used with permission.) 


staggered arrangements. Note that the Reynolds number appearing in Figures 7.14 and 
7.15 is based on the maximum fluid velocity Vj, 


EXAMPLE 7.6 

SEES 

Pressurized water is often available at elevated temperatures and may be used for space heat- 
ing or industrial process applications. In such cases it is customary to use a tube bundle in 
which the water is passed through the tubes, while air is passed in cross flow over the tubes. 
Consider a staggered arrangement for which the tube outside diameter is 16.4 mm and the 
longitudinal and transverse pitches are S$; = 34.3mm and S; = 31.3mm. There are seven 
rows of tubes in the airflow direction and eight tubes per row. Under typical operating condi- 
tions the cylinder surface temperature is at 70°C, while the air upstream temperature and 
velocity are 15°C and 6m/s, respectively. Determine the air-side convection coefficient 
and the rate of heat transfer for the tube bundle. What is the air-side pressure drop? 


SOLUTION 


Known: Geometry and operating conditions of a tube bank. 


Find: 
1. Air-side convection coefficient and heat rate. 


2. Pressure drop. 
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Schematic: 
= Water tube 
S,p= 31.3 mm a ae ESA D = 16.4 mm 
e.@.®@ T, = 70°C 
Teeteses . 
T, =T., = 15°C @-.@6.°®6 
V=6m/s @ O @ @ 
—- @%e%e%e 
— e,29,®@ 
° @,28,28, @ 
Row 1 Row 7 
Assumptions: 


1. Steady-state, incompressible flow conditions. 
2. Negligible radiation effects. 
3. Negligible effect of change in air temperature across tube bank on air properties. 


Properties: Table A.4, air (T., = 15°C): p = 1.217 kg/m’, cy = 1007 J/kg-K, v = 14.82 X 
10°° m/s, k = 0.0253 W/m:K, Pr=0.710. Table A.4, air (T, = 70°C): Pr = 0.701. 
Table A.4, air (T; = 43°C): v = 17.4 X 10°° m/s, k = 0.0274 W/m: K, Pr = 0.705. 


Analysis: 
1. From Equations 7.50 and 7.51, the air-side Nusselt number is 


r 


s 


= 4 
Tip = CC, Ref Pr*( 2 


Since Sp = [Si + (S;/2)’]'* = 37.7 mm is greater than (S; + D)/2, the maximum velocity 
occurs on the transverse plane, A,, of Figure 7.12. Hence from Equation 7.52 


Sy 31.3 mm 
= 7 = 12, 
Veep Cie-ifun 
With 
VonaxD 
Rep max = _ = 12.6 m/s X oueus = 13,943 

; 14.82 X 10°° m/s 

and 


Sr 31.3mm 
— = + = 0.91 <2 
S,  34.3mm 


it follows from Tables 7.5 and 7.6 that 


Sr 
C, = 0.35| — 
= 035(3 


L 


us 
=0.34, m=0.60, and C,=0.95 
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Hence 
_— 0 710 0.25 
Nig =095'% os4cis.oasyeo.n1y ~-} =87.9 
0.701 
and 
-_ ak 0.0253 W/m: K 2 
= ~ = 87.9 X = 135. . 
h = Nup=, = 87.9 oieian 135.6 W/m?-K <J 
From Equation 7.55 
T, — T, = (T, — T) exp| - ZPNA_ 
pVN7S7c, 


77(0.0164 m) 56 (135.6 W/m?2: K) 


T, — T, = (55°C) ox : 
1.217 kg/m” (6 m/s) 8 (0.0313 m) 1007 J/kg + K 


T, — T, = 44.5°C 
Hence from Equations 7.54 and 7.56 
kn Fp, - 7). Gs —44Syc 


ee nl 35 
=F 44.5 


q' = MhtDAT) = 567 X 135.6 W/m?+ K X 0.0164 m X 49.6°C 


AG = 49.6°C 


and 


q' = 19.4kW/m < 
2. The pressure drop may be obtained from Equation 7.57. 
Vi 
Ap = na( a) f 
With Rep max = 13,943, Pp = (S;7/D) = 1.91, P, = (S,/D) = 2.09, and (P;/P;) = 0.91, 
it follows from Figure 7.15 that vy ~ 1.04 and f ~ 0.35. Hence with N,; = 7 
1.217 kg/m3(12. . 
Ap=7X 1 a = ea) Joss 
Ap = 246 N/m? = 2.46 x 10°? bars < 
Comments: 
1. Had AT; = T, — T, been used in lieu of AT, in Equation 7.56, the heat rate would 
have been overpredicted by 11%. 
2. Since the air temperature is predicted to increase by only 10.5°C, evaluation of the air 


properties at T, = 15°C is a reasonable approximation. However, if improved accuracy 
is desired, the calculations could be repeated with the properties reevaluated at 
(T, + T,)/2 = 20.25°C. An exception pertains to the density p in the exponential term 
of Equation 7.55. As it appears in the denominator of this term, p is matched with the 
inlet velocity to provide a product (pV) that is linked to the mass flow rate of air enter- 
ing the tube bank. Hence, in this term, p should be evaluated at T;. 
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3. The air outlet temperature and heat rate may be increased by increasing the number of 
tube rows, and for a fixed number of rows, they may be varied by adjusting the air 
velocity. For 5 = N, = 25 and V = 6 m/s, parametric calculations based on Equations 
7.50, 7.51, and 7.54 through 7.56 yield the following results: 


The air outlet temperature would asymptotically approach the surface temperature 
with increasing N,, at which point the heat rate approaches a constant value and there 
is no advantage to adding more tube rows. Note that Ap increases linearly with 
increasing N,. For N, = 25 and 1 = V = 20 m/s, we obtain 


0 5 10 15 20 
V (m/s) 


Although the heat rate increases with increasing V, the air outlet temperature 
decreases, approaching T; as V—> ~. 
| 


7.@ =~ Impinging Jets 


A single gas jet or an array of such jets, impinging normally on a surface, may be used to 
achieve enhanced coefficients for convective heating, cooling, or drying. Applications 
include tempering of glass plate, annealing of metal sheets, drying of textile and paper prod- 
ucts, cooling of heated components in gas turbine engines, and deicing of aircraft systems. 
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77-1 Hydrodynamic and Geometric Considerations 


As shown in Figure 7.16, gas jets are typically discharged into a quiescent ambient from a 
round nozzle of diameter D or a slot (rectangular) nozzle of width W. Typically, the jet is 
turbulent and, at the nozzle exit, is characterized by a uniform velocity profile. However, 
with increasing distance from the exit, momentum exchange between the jet and the ambi- 
ent causes the free boundary of the jet to broaden and the potential core, within which 
the uniform exit velocity is retained, to contract. Downstream of the potential core the 
velocity profile is nonuniform over the entire jet cross section and the maximum (center) 
velocity decreases with increasing distance from the nozzle exit. The region of the flow over 
which conditions are unaffected by the impingement (target) surface is termed the free jet. 

Within the stagnation or impingement zone, flow is influenced by the target surface 
and is decelerated and accelerated in the normal (z) and transverse (r or x) directions, 
respectively. However, since the flow continues to entrain zero momentum fluid from 
the ambient, transverse acceleration cannot continue indefinitely and accelerating flow 
in the stagnation zone is transformed to a decelerating wall jet. Hence, with increasing r 
or x, velocity components parallel to the surface increase from a value of zero to some 
maximum and subsequently decay to zero. Velocity profiles within the wall jet are 
characterized by zero velocity at both the impingement and free surfaces. If T, # T,, 
convection heat transfer occurs in both the stagnation and wall jet regions. 

Many impingement heat transfer schemes involve an array of jets, as, for example, the 
array of slot jets shown in Figure 7.17. In addition to flow from each nozzle exhibiting 
free jet, stagnation, and wall jet regions, secondary stagnation zones result from the inter- 
action of adjoining wall jets. In many such schemes the jets are discharged into a 
restricted volume bounded by the target surface and the nozzle plate from which the jets 
originate. The overall rate of heat transfer depends strongly on the manner in which spent 


Nozzle 


Nozzle exit 
TEE 


Potential core 
Ambient 


Stagnation or 
impingement 
zone 


Velocity 
\ profiles 
\ 


= 


eae 


Impingement surface 7, — Stagnation point 


FicurE 7.16 Surface impingement of a single round or slot gas jet. 
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Nozzle plate 


Nozzle 


BSP EO SSP EES, FicurE 7.17 Surface impingement of 
Secondary stagnation zone an array of slot jets. 
gas, whose temperature is between values associated with the nozzle exit and the impinge- 
ment surface, is vented from the system. For the configuration of Figure 7.17, spent gas 
cannot flow upward between the nozzles but must instead flow symmetrically in the 
+y-directions. As the temperature of the gas increases with increasing |y|, the local surface-to- 
gas temperature difference decreases, causing a reduction in local convection fluxes. A 
preferable situation is one for which the space between adjoining nozzles is open to the ambi- 
ent, thereby permitting continuous upflow and direct discharge of the spent gas. 

Plan (top) views of single round and slot nozzles, as well as regular arrays of round and 
slot nozzles, are shown in Figure 7.18. For the isolated nozzles (Figures 7.18a, d), local and 
average convection coefficients are associated with any r > 0 and x > 0. For the arrays, 


<— 5 —>| 


A, = 1D7/4S? 


A, = @D7/2N3 $2 — S —> 
(a) (b) 


(c) 


Ficure 7.18 _ Plan view of pertinent geometrical features for (a) single round jet, (6) in-line 
array of round jets, (c) staggered array of round jets, (d) single slot jet, and (e) array of slot jets. 
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with discharge of the spent gas in the vertical (z) direction, symmetry dictates equivalent 
local and average values for each of the unit cells delineated by dashed lines. For a large 
number of square-in-line (Figure 7.18b) or equilaterally staggered (Figure 7.18c) round 
jets, the unit cells correspond to a square or hexagon, respectively. A pertinent geometric 
parameter is the relative nozzle area, which is defined as the ratio of the nozzle exit cross- 
sectional area to the surface area of the cell (A, = A,,/A,.,). In each case, S represents the 
pitch of the array. 


Gede2 Convection Heat Transfer 


In the results that follow, it is presumed that the gas jet exits its nozzle with a uniform 
velocity V, and temperature 7,. Thermal equilibrium with the ambient is presumed 
(T, = T.,), while convection heat transfer may occur at an impingement surface of uniform 
temperature (T, # T.). Newton’s law of cooling is then 


g =AT,—T,) (7.58) 


Conditions are presumed to be uninfluenced by the level of turbulence at the nozzle exit, 
and the surface is presumed to be stationary. However, this requirement may be relaxed for 
surface velocities which are much less than the jet impact velocity. 

An extensive review of available convection coefficient data for impinging gas jets has 
been performed by Martin [21], and for a single round or slot nozzle, distributions of the 
local Nusselt number have the characteristic forms shown in Figure 7.19. The characteristic 
length is the hydraulic diameter of the nozzle, which is defined as four times its cross- 
sectional area divided by its wetted perimeter (D, = 4A,./P). Hence the characteristic 
length is the diameter of a round nozzle, and assuming L > W, it is twice the width of a slot 
nozzle. It follows that Nu = hD/k for a round nozzle and Nu = h(2W/k) for a slot nozzle. 
For large nozzle-to-plate separations, Figure 7.19a, the distribution is characterized by a 
bell-shaped curve for which Nu monotonically decays from a maximum value at the stag- 
nation point, r!D or x/2W equal to zero. 

For small separations, Figure 7.195, the distribution is characterized by a second maxi- 
mum, whose value increases with increasing jet Reynolds number and may exceed that of 
the first maximum. The threshold separation of H/D ~ 5, below which there is a second 
maximum, is loosely associated with the length of the potential core (Figure 7.16). Appear- 
ance of the second maximum is attributed to a sharp rise in the turbulence level which 
accompanies the transition from an accelerating stagnation region flow to a decelerating 
wall jet [21]. Additional maxima have been observed and attributed to the formation of vor- 
tices in the stagnation zone, as well as transition to a turbulent wall jet [22]. 

Secondary maxima in Nu are also associated with the interaction of adjoining wall jets 
for an array [21, 23]. However, distributions are two-dimensional, exhibiting, for example, 


HID,25 HID, $5 
= 2 
FicurRE 7.19 Distribution of local 
Nusselt number associated with a single 
rD or x/2W r/D or x/2W round or slot nozzle for (a) large and 


(a) (b) (b) small relative nozzle-to-plate spacings. 
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variations with both x and y for the slot jet array of Figure 7.17. Variations with x could be 
expected to yield maxima at the jet centerline and halfway between adjoining jets, while con- 
straint of the exhaust flow to the +y-direction would induce acceleration with increasing |y| 
and hence a monotonically increasing Nu with |y|. However, variations with y decrease with 
increasing cross-sectional area of the outflow and may be neglected if S x H 2 W Xx L [21]. 

Average Nusselt numbers may be obtained by integrating local results over the appro- 
priate surface area. The resulting correlations are reported in the form 


Nu = f(Re, Pr, A,, H/D,) (7.59) 
where an 
Nu=—* (7.60) 
k 
D 
Re = Ee h (7.61) 


and D, = D (round nozzle) or D, = 2W (slot nozzle). 


Round Nozzles Having assessed data from several sources, Martin [21] recommends the 
following correlation for a single round nozzle (A, = D7/4r’) 
Nu 
Pr?“ 


= (s, i) [2 Re!(1 + 0.005 Re®5)!] (7.62) 


where : 
L220 


G=24"" : 
1 + 0.2(H/D — 6)A!” 


(7.63) 
The ranges of validity are 
2000 = Re = 400,000 


2<HID S12 
0.004 < A, < 0.04 


For A, = 0.04, results for Nu are available in graphical form [21]. 
For an array of round nozzles (A, = 7D7/4S* or 7D?/2\38? for in-line and staggered 
arrays, respectively), 


ae =0.5 x(a, ie (4, di Re (7.64) 
" 
where 
HID 6 —0.05 
a (7.65) 


and G is the single nozzle function given by Equation 7.63. The function K accounts for the 
fact that, for H/D = 0.6/A,”, the average Nusselt number for the array decays more rapidly 
with increasing H/D than that for the single nozzle. The correlation is valid over the ranges 


2000 < Re < 100,000 
2< HID < 12 
0.004 < A, < 0.04 
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Slot Nozzles Fora single slot nozzle (A, = W/2x), the recommended correlation is 


Nui _ 3.06 Re 
P72 0.5/A, + H/W + 2.78 


1.33 1 
m = 0.695 ( 7 (4, 3.06 (7.67) 


and the ranges of validity are 


(7.66) 


where 


3000 < Re < 90,000 
2<HIW<10 
0.025 <A, < 0.125 


As a first approximation, Equation 7.66 may be used for A, = 0.125, yielding predictions 
for the stagnation point (x = 0, A, — ©) that are within 40% of measured values. 
For an array of slot nozzles (A, = W/S), the recommended correlation is 


IN 2D nape 2 Re = 
==A ; 
He, =2am( Bee | 07.68 


2 —1/2 
A, = 60 + (iH 2) | (7.69) 


where 


2W 


The correlation pertains to conditions for which the outflow of spent gas is restricted to 
the +y-directions of Figure 7.17 and the outflow area is large enough to satisfy the require- 
ment (S X H)/(W X L) = 1. Additional restrictions are 


1500 < Re < 40,000 
2 < H/IW < 80 
0.008 <A, <2.5A,, 


An optimal arrangement of nozzles would be one for which the values of H, S, and D,, 
yielded the largest value of Nu for a prescribed total gas flow rate per unit surface area of 
the target. For fixed H and for arrays of both round and slot nozzles, optimal values of D,, 
and S have been found to be [21] 


Drop * 0.2H (7.70) 
Sop © 1.4H (7.71) 


The optimum value of (D,/H)' ~ 5 coincides approximately with the length of the poten- 
tial core. Beyond the potential core, the midline jet velocity decays, causing an attendant 
reduction in convection coefficients. 

Application of these equations should be restricted to conditions for which they were 
developed. For example, in their present form, the correlations may not be used if the jets 
emanate from sharp-edged orifices instead of bell-shaped nozzles. The orifice jet is strongly 
affected by a flow contraction phenomenon that alters convection heat transfer [21, 22]. 
Conditions are also influenced by differences between the jet exit and ambient temperatures 
(T, # T..). The exit temperature is then an inappropriate temperature in Newton’s law of 


7.8 a Packed Beds 461 


cooling, Equation 7.58, and should be replaced by what is commonly termed the recovery, 
or adiabatic wall, temperature [24, 25]. Finally, care should be taken in situations involving 
small nozzle diameters or narrow slot widths. For these situations, high jet velocities are 
necessary for Reynolds numbers to be within the range of application of Equations 7.62, 
7.64, 7.66, or 7.68. When the Mach number based on the jet velocity exceeds 0.3 
(V,/a 2 0.3), compressibility effects may be significant [26], invalidating use of the corre- 
lations of this section. Additional correlations for liquid jet impingement, flame jet 
impingement, and impingement on nonflat surfaces are available [27-29]. 


7.2 Packed Beds 


Gas flow through a packed bed of solid particles (Figure 7.20) is relevant to many indus- 
trial processes, which include the transfer and storage of thermal energy, heterogeneous 
catalytic reactions, and drying. The term packed bed refers to a condition for which the 
position of the particles is fixed. In contrast, a fluidized bed is one for which the particles 
are in motion due to advection with the fluid. 

For a packed bed a large amount of heat transfer surface area can be obtained in a small 
volume, and the irregular flow that exists in the voids of the bed enhances transport through 
mixing. Many correlations that have been developed for different particle shapes, sizes, and 
packing densities are described in the literature [30, 31]. One such correlation, which has 
been recommended for gas flow in a bed of spheres, is of the form 


Ejy = 2.06 Rep ie < Re, < 4000 (172) 


where j,, is the Colburn j factor defined by Equation 6.38. The Reynolds number Rey = VD/v 
is defined in terms of the sphere diameter and the upstream velocity V that would exist in 
the empty channel without the packing. The quantity ¢ is the porosity, or void fraction, of the 
bed (volume of void space per unit volume of bed), and its value typically ranges from 0.30 
to 0.50. The correlation may be applied to packing materials other than spheres by multi- 
plying the right-hand side by an appropriate correction factor. For a bed of uniformly sized 
cylinders, with length-to-diameter ratio of 1, the factor is 0.79; for a bed of cubes it is 0.71. 

In using Equation 7.72, properties should be evaluated at the arithmetic mean of the 
fluid temperatures entering and leaving the bed. If the particles are at a uniform temperature 
T,, the heat transfer rate for the bed may be computed from 


Nie (7.73) 


FIcuRE 7.20 Gas flow through a packed bed of solid particles. 
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where A,,, is the total surface area of the particles and A7,,, is the log-mean temperature dif- 
ference defined by Equation 7.54. The outlet temperature, which is needed to compute 
AT,m, May be estimated from 


Te Aya 
_s 9 = Se ae 
i onl = : 


where p and V are the inlet density and velocity, respectively, and A,,, is the bed (channel) 
cross-sectional area. 


7-9 Summary 


In this chapter we have considered forced convection heat transfer for an important class of 
problems involving external flow at low-to-moderate speeds. Consideration was given to 
several common geometries, for which convection coefficients depend on the nature of 
boundary layer development. You should test your understanding of related concepts by 
addressing the following questions. 


¢ What is an external flow? 

¢ What is an empirical heat transfer coefficient? 

¢ What are the inherent dimensionless parameters for forced convection? 

¢ How does the velocity boundary layer thickness vary with distance from the leading 
edge for laminar flow over a flat plate? For turbulent flow? What determines the relative 
velocity and thermal boundary layer thicknesses for laminar flow? For turbulent flow? 

¢ How does the local convection heat transfer coefficient vary with distance from the leading 
edge for laminar flow over a flat plate? For turbulent flow? For flow in which transition to 
turbulence occurs on the plate? 

¢ How is local heat transfer from the surface of a flat plate affected by the existence of an 
unheated starting length? 

¢ What are the manifestations of boundary layer separation from the surface of a circular 
cylinder in cross flow? How is separation influenced by whether the upstream flow is 
laminar or turbulent? 

¢ How is variation of the local convection coefficient on the surface of a circular cylinder 
in cross flow affected by boundary layer separation? By boundary layer transition? 
Where do local maxima and minima in the convection coefficient occur on the surface? 

¢ How does the average convection coefficient of a tube vary with its location in a tube bank? 

¢ For jet impingement on a surface, what are distinguishing features of the free jet? The 
potential core? The impingement zone? The wall jet? 

e At what location on the surface of an impinging jet will a maximum in the convection 
coefficient always exist? Under what conditions will there be a secondary maximum? 

e For an array of impinging jets, how are flow and heat transfer affected by the manner in 
which spent fluid is discharged from the system? 

¢ What is the difference between a packed bed and a fluidized bed of solid particles? 

¢ What is the film temperature? 

¢ What temperature difference must be used when computing the total rate of heat trans- 
fer from a bank of tubes or a packed bed? 
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In this chapter we have also compiled convection correlations that may be used to 
estimate convection transfer rates for a variety of external flow conditions. For simple 
surface geometries these results may be derived from a boundary layer analysis, but in 
most cases they are obtained from generalizations based on experiment. You should 
know when and how to use the various expressions, and you should be familiar with the 
general methodology of a convection calculation. To facilitate their use, the correlations 


are summarized in Table 7.7. 


TABLE 7.7 Summary of convection heat transfer correlations for external flow® 


Correlation Geometry Conditions’ 
5 = 5x Re,” (7.17) Flat plate Laminar, T; 
C;» = 0.664 Re, '? (7.18) Flat plate Laminar, local, T; 
Nu, = 0.332 Rel? Pr'8 (7.21) Flat plate Laminar, local, T;, Pr= 0.6 
6,=6 Pr '8 (7.22) Flat plate Laminar, T; 
Cy = 1.328 Re,'” (7.24) Flat plate Laminar, average, T; 
Nu, = 0.664 Rel” Pr'® (7.25) Flat plate Laminar, average, T;, Pr = 0.6 
Nu, = 0.564 Pe? (7.26) Flat plate Laminar, local, T;, Pr S 0.05, Pe, = 100 
C;. = 0.0592 Re, '° (7.28) Flat plate Turbulent, local, T;, Re, S 108 
5 = 0.37x Re," (7.29) Flat plate Turbulent, 7;, Re, = 108 
Nu, = 0.0296 Re#® Pr’? (7.30) Flat plate Turbulent, local, T;, Re, = 108, 
0.6 = Pr = 60 
Cyr = 0.074 Re; — 1742 Re; | (7.33) Flat plate Mixed, average, T;, Re, = 5 X 10°, 
Re, = 108 
Nu, = (0.037 Re;? — 871)Pr'? (7.31) Flat plate Mixed, average, T;, Re,. = 5 X 10°, 
Re, = 10°, 0.6 S Pr S 60 
Nup = C Ref, Pr'® (7.44) Cylinder Average, T;, 0.4 S Rep $4 X 10°, 
(Table 7.2) Pr 20.7 
Nup = C Ret Pr'(Pr/Pr,)'4 (7.45) Cylinder Average, T.., 1 S Rep S 10°, 
(Table 7.4) 0.7 S Pr = 500 
Nup = 0.3 + [0.62 Rey” Pr'® Cylinder Average, T;, Rep Pr = 0.2 
x [1 + (0.4/Pr/P3)"*] 
X [1 + (Rep/282,000)"8}"" (7.46) 
Nup = 2 + (0.4 Re}? Sphere Average, T,,, 3.5 S Rep S 7.6 X 10°, 
+ 0.06 Rez *)Pr°* 0.71 S Pr S 380, 1.0 S (u/ps) S 3.2 
x (w/p,)"4 (7.48) 
Nup = 2 + 0.6 Re}? Pri? (7.49) Falling drop Average, T.. 
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TABLE 7.7 (Continued) 


Correlation Geometry Conditions’ 
Nup = C,C, Ref max Pro?(Pr/Pr.)” (7.50), (7.51) Tube bank* Average, T, 10 S Rep S 2 X 10°, 
(Tables 7.5, 7.6) 0.7 = Pr = 500 
Single round nozzle (7.62) Impinging jet Average, T;, 2000 = Re = 4 X 10°, 
2 S (A/D) S 12, 2.5 S (r/D) S 7.5 
Single slot nozzle (7.66) Impinging jet Average, T;, 3000 = Re = 9 X 10°, 
2 S (H/W) = 10, 4 S (x/W) S 20 
Array of round nozzles (7.64) Impinging jet Average, T;, 2000 = ke S 10°, 
2 = (HID) = 12, 0.004 = A, = 0.04 
Array of slot nozzles (7.68) Impinging jet Average, T;, 1500 = Re = 4 X 10%, 
2 S (A/W) S 80, 0.008 S A, S 2.5A,, 
Ej = 2.06 Rep??? (7.72) Packed bed Average, T, 90 = Rep = 4000, 
of spheres® Pr =~ 0.7 


“Correlations in this table pertain to isothermal surfaces; for special cases involving an unheated starting length or a uniform surface heat flux, 
see Section 7.2.4 or 7.2.5. 
>The temperature listed under “Conditions” is the temperature at which properties should be evaluated. 

“For tube banks and packed beds, properties are evaluated at the average fluid temperature, T= (7; + T,)/2. 
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7.2 


7.3 


Consider the following fluids at a film temperature of 

300K in parallel flow over a flat plate with velocity 

of 1 m/s: atmospheric air, water, engine oil, and mercury. 

(a) For each fluid, determine the velocity and thermal 
boundary layer thicknesses at a distance of 40 mm 
from the leading edge. 


(b) 


For each of the prescribed fluids and on the same 


coordinates, plot the boundary layer thicknesses as 
a function of distance from the leading edge to a 
plate length of 40 mm. 


Engine oil at 100°C and a velocity of 0.1 m/s flows over 
both surfaces of a 1-m-long flat plate maintained at 
20°C. Determine: 


(a) The velocity and thermal boundary layer thick- 
nesses at the trailing edge. 

The local heat flux and surface shear stress at the 
trailing edge. 


(b) 


(c) 


The total drag force and heat transfer per unit width 
of the plate. 


(d) 


Plot the boundary layer thicknesses and local values 


of the surface shear stress, convection coefficient, 
and heat flux as a function of x forO = x = 1m. 


Consider steady, parallel flow of atmospheric air over a 
flat plate. The air has a temperature and free stream 
velocity of 300 K and 25 m/s. 


(a) Evaluate the boundary layer thickness at distances 
of x = 1, 10, and 100mm from the leading edge. 
If a second plate were installed parallel to and at a 
distance of 3mm from the first plate, what is the 
distance from the leading edge at which boundary 
layer merger would occur? 

(b) Evaluate the surface shear stress and the y-velocity 

component at the outer edge of the boundary layer 

for the single plate at x = 1, 10, and 100 mm. 


Comment on the validity of the boundary layer 
approximations. 
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Consider a liquid metal (Pr <1), with free stream 
conditions u., and T.., in parallel flow over an isother- 
mal flat plate at 7,. Assuming that u = u., throughout 
the thermal boundary layer, write the corresponding 
form of the boundary layer energy equation. Applying 
appropriate initial (x = 0) and boundary conditions, 
solve this equation for the boundary layer temperature 
field, T(x, y). Use the result to obtain an expression for 
the local Nusselt number Nu,. Hint: This problem is 
analogous to one-dimensional heat transfer in a semi- 
infinite medium with a sudden change in surface 
temperature. 


Consider the velocity boundary layer profile for flow 
over a flat plate to be of the form u = C; + C,y. Apply- 
ing appropriate boundary conditions, obtain an expres- 
sion for the velocity profile in terms of the boundary 
layer thickness 6 and the free stream velocity uw... Using 
the integral form of the boundary layer momentum 
equation (Appendix G), obtain expressions for the 
boundary layer thickness and the local friction coeffi- 
cient, expressing your result in terms of the local 
Reynolds number. Compare your results with those 
obtained from the exact solution (Section 7.2.1) and the 
integral solution with a cubic profile (Appendix G). 


Consider a steady, turbulent boundary layer on an 
isothermal flat plate of temperature 7,. The boundary 
layer is “tripped” at the leading edge x = 0 by a fine 
wire. Assume constant physical properties and velocity 
and temperature profiles of the form 


u _(y\"7 T-T, 
u=(2) and T-T, } 


(a) From experiment it is known that the surface shear 
stress is related to the boundary layer thickness by 
an expression of the form 


6 \ 714 
7, = 0.0228 pe" 


V 
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Beginning with the momentum integral equation 
(Appendix G), show that 


5/x = 0.376 Re". 


Determine the average friction coefficient Che 


(b) Beginning with the energy integral equation, obtain 
an expression for the local Nusselt number Nu, and 
use this result to evaluate the average Nusselt 


number Nu,. 


Consider flow over a flat plate for which it is desired to 
determine the average heat transfer coefficient over the 
short span x, to x5, h;_», where (x, — x,) < L. 


|| | 
x X1 Xo L 


Provide three different expressions that can be used to 
evaluate h,_, in terms of (a) the local coefficient at 
x = (x, + x,)/2, (b) the local coefficients at x, and x, and 
(c) the average coefficients at x, and x,. Indicate which of 
the expressions is approximate. Considering whether the 
flow is laminar, turbulent, or mixed, indicate when it is 
appropriate or inappropriate to use each of the equations. 


A flat plate of width 1 m is maintained at a uniform sur- 
face temperature of 7, = 150°C by using independently 
controlled, heat-generating rectangular modules of 
thickness a = 10mm and length b=50mm. Each 
module is insulated from its neighbors, as well as on its 
back side. Atmospheric air at 25°C flows over the plate 
at a velocity of 30 m/s. The thermophysical properties 
of the module are k = 5.2 W/mK, c, = 320 J/kg:K, 
and p = 2300 kg/m’. 


Module, q 
T,= 150°C 


Insulation 


T= 25°C 
u,, = 30 m/s 


ey 
>i 50 mm 


>| 


|—____A- 1 = 700 mm 


—e X 


(a) Find the required power generation, g (W/m*), in a 
module positioned at a distance 700 mm from the 
leading edge. 

(b) Find the maximum temperature T,,,, 1n the heat- 
generating module. 


An electric air heater consists of a horizontal array 
of thin metal strips that are each 10mm long in the 
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direction of an airstream that is in parallel flow over the 
top of the strips. Each strip is 0.2 m wide, and 25 strips 
are arranged side by side, forming a continuous and 
smooth surface over which the air flows at 2 m/s. Dur- 
ing operation, each strip is maintained at 500°C and the 
air is at 25°C. 


(a) What is the rate of convection heat transfer from 
the first strip? The fifth strip? The tenth strip? All the 
strips? 


(b) 


For air velocities of 2, 5, and 10 m/s, determine the 


convection heat rates for all the locations of part (a). 
Represent your results in tabular or bar graph form. 


(c) | Repeat part (b), but under conditions for which the 
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flow is fully turbulent over the entire array of strips. 


Consider atmospheric air at 25°C and a velocity of 
25 m/s flowing over both surfaces of a 1-m-long flat 
plate that is maintained at 125°C. Determine the rate of 
heat transfer per unit width from the plate for values of 
the critical Reynolds number corresponding to 10°, 
5 X 10°, and 10°. 


Consider laminar, parallel flow past an isothermal flat 
plate of length L, providing an average heat transfer 
coefficient of h,. If the plate is divided into N smaller 
plates, each of length Ly, = L/N, determine an expres- 
sion for the ratio of the heat transfer coefficient aver- 
aged over the N plates to the heat transfer coefficient 
averaged over the single plate, /, y/h,.. 


Repeat Problem 7.11 for the case when the boundary 
layer is tripped to a turbulent condition at its leading 
edge. 


Consider a flat plate subject to parallel flow (top and 
bottom) characterized by u,, = 5 m/s, T,, = 20°C. 


(a) Determine the average convection heat transfer 
coefficient, convective heat transfer rate, and drag 
force associated with an L = 2-m-long, w = 2-m- 
wide flat plate for airflow and surface temperatures 
of T, = 50°C and 80°C. 


Determine the average convection heat transfer coef- 
ficient, convective heat transfer rate, and drag force 
associated with an L = 0.1-m-long, w = 0.1-m-wide 
flat plate for water flow and surface temperatures of 
T, = 50°C and 80°C. 


(b) 


Consider water at 27°C in parallel flow over an isother- 
mal, 1-m-long flat plate with a velocity of 2 m/s. 


(a) Plot the variation of the local heat transfer coeffi- 
cient, h,(x), with distance along the plate for three 
flow conditions corresponding to transition 
Reynolds numbers of (i) 5 X 10°, (ii) 3 X 10°, and 
(iii) O (the flow is fully turbulent). 
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(b) Plot the variation of the average heat transfer coef- 
ficient h,(x) with distance for the three flow condi- 
tions of part (a). 


(c) What are the average heat transfer coefficients for 
the entire plate /, for the three flow conditions of 
part (a)? 


Explain under what conditions the total rate of heat 
transfer from an isothermal flat plate of dimensions 
LX 2L would be the same, independent of whether 
parallel flow over the plate is directed along the side 
of length L or 2L. With a critical Reynolds number of 
5 x 10°, for what values of Re, would the total heat 
transfer be independent of orientation? 


In fuel cell stacks, it is desirable to operate under condi- 
tions that promote uniform surface temperatures for the 
electrolytic membranes. This is especially true in high- 
temperature fuel cells where the membrane is con- 
structed of a brittle ceramic material. Electrochemical 
reactions in the electrolytic membranes generate ther- 
mal energy, while gases flowing above and below the 
membranes cool it. The stack designer may specify top 
and bottom flows that are in the same, opposite, or 
orthogonal directions. A preliminary study of the effect 
of the relative flow directions is conducted whereby 
a 150mm X 150 mm thin sheet of material, producing a 
uniform heat flux of 100 W/m’, is cooled (top and bot- 
tom) by air with a free stream temperature and velocity 
of 25°C and 2 m/s, respectively. 


(a) Determine the minimum and maximum local mem- 
brane temperatures for top and bottom flows that 
are in the same, opposite, and orthogonal direc- 
tions. Which flow configuration minimizes the 
membrane temperature? Hint: For the opposite and 
orthogonal flow cases, the boundary layers are sub- 
ject to boundary conditions that are neither uniform 
temperature nor uniform heat flux. It is, however, 
reasonable to expect that the resulting temperatures 
would be bracketed by your answers based on the 
constant heat flux and constant temperature bound- 
ary conditions. 


(b) Plot the surface temperature distribution T(x) for 
the cases involving flow in the opposite and same 
directions. Thermal stresses are undesirable and are 
related to the spatial temperature gradient along 
the membrane. Which configuration minimizes 


spatial temperature gradients? 


Air at a pressure of 1 atm and a temperature of 50°C is 
in parallel flow over the top surface of a flat plate that 
is heated to a uniform temperature of 100°C. The plate 
has a length of 0.20m (in the flow direction) and a 
width of 0.10m. The Reynolds number based on the 
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plate length is 40,000. What is the rate of heat transfer 
from the plate to the air? If the free stream velocity of 
the air is doubled and the pressure is increased to 
10 atm, what is the rate of heat transfer? 


Consider the photovoltaic solar panel of Example 3.3. 
The heat transfer coefficient should no longer be taken 
to be a specified value. 


(a) Determine the silicon temperature and the electric 
power produced by the solar cell for an air velocity 
of 4 m/s parallel to the long direction, with air and 
surroundings temperatures of 20°C. The boundary 
layer is tripped to a turbulent condition at the lead- 
ing edge of the panel. 


(b) Repeat part (a), except now the panel is oriented 
with its short side parallel to the airflow, that is, 


L=0.1mandw = 1m. 


(c) Plot the electric power output and the silicon tem- 
perature versus air velocity over the range 0 < u,, 


= 10m/s for the L = 0.1 m and w = 1 mcase. 


Concentration of sunlight onto photovoltaic cells is 
desired since the concentrating mirrors and lenses are 
less expensive than the photovoltaic material. Con- 
sider the solar photovoltaic cell of Example 3.3. A 
100mm X 100 mm photovoltaic cell is irradiated with 
concentrated solar energy. Since the concentrating 
lens is glass, it absorbs 10% of the irradiation instead 
of the top surface of the solar cell, as in Example 3.3. 
The remaining irradiation is reflected from the system 
(7%) or is absorbed in the silicon semiconductor 
material of the photovoltaic cell (83%). The photo- 
voltaic cell is cooled by air directed parallel to its top 
and bottom surfaces. The air temperature and velocity 
are 25°C and 5m/s, respectively, and the bottom 


surface is coated with a high-emissivity paint, 
&) = 0.95. 
Solar irradiation, G 
i Liens 
= 
Air ) 

% bMS ie Focusing 
g=5 : , lens 
Ye 

Concentrated 
irradiation, G, 
— 
—— : 
Photovoltaic cell 
Fl 1 = 100 mm >| 
— 


See Example 3.3 


T. 


sur 


= 25°C 
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(a) Determine the electric power produced by the photo- 
voltaic cell and the silicon temperature for a square 
concentrating lens with L,.,,= 400mm, which 
focuses the irradiation falling on the lens to the smaller 
area of the photovoltaic cell. Assume the concentrat- 
ing lens temperature is 25°C and does not interfere 
with boundary layer development over the photo- 
voltaic cell’s top surface. The top and bottom bound- 
ary layers are both tripped to turbulent conditions at 
the leading edge of the photovoltaic material. 


(b) 


Determine the electric power output of the photo- 


7.20 


7.21 


voltaic cell and the silicon temperature over the 
range 100 mm = L,,,, = 600 mm. 


The roof of a refrigerated truck compartment is of com- 
posite construction, consisting of a layer of foamed 
urethane insulation (tf; = 50mm, k,; = 0.026 W/m: kK) 
sandwiched between aluminum alloy panels (¢; = 5 mm, 
k, = 180 W/m:K). The length and width of the roof are 
L= 10m and W = 3.5 m, respectively, and the temper- 
ature of the inner surface is T,, = — 10°C. Consider con- 
ditions for which the truck is moving at a speed of 
V = 105 km/h, the air temperature is T,, = 32°C, and the 
solar irradiation is G; = 750 W/m?. Turbulent flow may 
be assumed over the entire length of the roof. 


Frank & Dave's 


Frozen Desserts for Those Who 
Don't Count Calories 


(a) For equivalent values of the solar absorptivity and 
the emissivity of the outer surface (a; = ¢ = 0.5), 
estimate the average temperature T,, of the outer 


surface. What is the corresponding heat load imposed 
on the refrigeration system? 


(b) A special finish (as = 0.15, ¢ = 0.8) may be applied 
to the outer surface. What effect would such an 
application have on the surface temperature and the 


heat load? 


If, with as = ¢ =0.5, the roof is not insulated 
(t = 0), what are the corresponding values of the 
surface temperature and the heat load? 


(c) 


The top surface of a heated compartment consists of 
very smooth (A) and highly roughened (B) portions, 
and the surface is placed in an atmospheric airstream. 


In the interest of minimizing total convection heat 
transfer from the surface, which orientation, (1) or (2), 
is preferred? If T, = 100°C, T., = 20°C, and u. = 
20 m/s, what is the convection heat transfer from the 
entire surface for this orientation? 
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7.22 Calculate the value of the average heat transfer coeffi- 
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Airstream 


cient for the plate of Problem 7.21 when the entire plate 
is rotated 90° so that half of the leading edge consists of 
a very smooth portion (A) and the other half consists 
of a highly roughened portion (B). 


The proposed design for an anemometer to determine 
the velocity of an airstream in a wind tunnel is com- 
prised of a thin metallic strip whose ends are supported 
by stiff rods serving as electrodes for passage of current 
used to heat the strip. A fine-wire thermocouple is 
attached to the trailing edge of the strip and serves as 
the sensor for a system that controls the power to main- 
tain the strip at a constant operating temperature for 
variable airstream velocities. Design conditions pertain 
to an airstream at T,, = 25°C and 1 =u. =50m/s, 
with a strip temperature of T, = 35°C. 


Y pare 


Strip 


Support rod and 
current lead 


(a) Determine the relationship between the electrical 
power dissipation per unit width of the strip in the 
transverse direction, P’ (mW/mm), and the airstream 
velocity. Show this relationship graphically for the 
specified range of ua. 

(b) If the accuracy with which the temperature of the 

operating strip can be measured and maintained 

constant is +0.2°C, what is the uncertainty in the 
airstream velocity? 
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(c) The proposed design operates in a strip constant- 
temperature mode for which the airstream velocity 
is related to the measured power. Consider now 
an alternative mode wherein the strip is provided 
with a constant power, say, 30 mW/mm, and the 
airstream velocity is related to the measured strip 
temperature 7,. For this mode of operation, show 
the graphical relationship between the strip temper- 
ature and airstream velocity. If the temperature can 
be measured with an uncertainty of +0.2°C, what 
is the uncertainty in the airstream velocity? 


(d) 


Compare the features associated with each of the 
anemometer operating modes. 


Steel (AISI 1010) plates of thickness 6 = 6mm and 
length L = 1m on a side are conveyed from a heat 
treatment process and are concurrently cooled by 
atmospheric air of velocity u.. = 10 m/s and T,, = 20°C 
in parallel flow over the plates. 


~ 


CnC Cn CLL Onn Cn CO OO) 
' 


+k 6 


oF 


Air 


For an initial plate temperature of T, = 300°C, what is 
the rate of heat transfer from the plate? What is the cor- 
responding rate of change of the plate temperature? The 
velocity of the air is much larger than that of the plate. 


Consider weather conditions for which the prevailing 
wind blows past the penthouse tower on a tall building. 
The tower length in the wind direction is 10m and 
there are 10 window panels. 


Ambient 
air 
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(a) Calculate the average convection coefficient for the 
first, third, and tenth window panels when the wind 
speed is 5 m/s. Use a film temperature of 300 K to 
evaluate the thermophysical properties required of 
the correlation. Would this be a suitable value of the 
film temperature for ambient air temperatures in the 
range —15 = T,, = 38°C? 

(b)| For the first, third, and tenth windows, on one 
graph, plot the variation of the average convection 
coefficient with wind speed for the range 
5 =u. = 100 km/h. Explain the major features of 
each curve and their relative magnitudes. 


Consider a rectangular fin that is used to cool a motor- 
cycle engine. The fin is 0.15 m long and at a tempera- 
ture of 250°C, while the motorcycle is moving at 
80 km/h in air at 27°C. The air is in parallel flow over 
both surfaces of the fin, and turbulent flow conditions 
may be assumed to exist throughout. 


(a) What is the rate of heat removal per unit width of 
the fin? 


(b) 


Generate a plot of the heat removal rate per unit 


width of the fin for motorcycle speeds ranging from 
10 to 100 km/h. 


The Weather Channel reports that it is a hot, muggy 
day with an air temperature of 90°F, a 10 mph breeze 
out of the southwest, and bright sunshine with a solar 
insolation of 400 W/m*. Consider the wall of a metal 
building over which the prevailing wind blows. The 
length of the wall in the wind direction is 10 m, and the 
emissivity is 0.93. Assume that all the solar irradiation 
is absorbed, that irradiation from the sky is negligible, 
and that flow is fully turbulent over the wall. Estimate 
the average wall temperature. 


In the production of sheet metals or plastics, it is cus- 
tomary to cool the material before it leaves the produc- 
tion process for storage or shipment to the customer. 
Typically, the process is continuous, with a sheet of 
thickness 6 and width W cooled as it transits the dis- 
tance L between two rollers at a velocity V. In this 
problem, we consider cooling of an aluminum alloy 
(2024-T6) by an airstream moving at a velocity w., in 
counter flow over the top surface of the sheet. A turbu- 
lence promoter is used to provide turbulent boundary 
layer development over the entire surface. 


(a) By applying conservation of energy to a differential 
control surface of length dx, which either moves 
with the sheet or is stationary and through which 
the sheet passes, derive a differential equation that 
governs the temperature distribution along the 
sheet. Because of the low emissivity of the alu- 
minum, radiation effects may be neglected. Express 
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Aluminum alloy 
2024-T6 


Turbulence 
promoter 


VV 


your result in terms of the velocity, thickness, and 
properties of the sheet (V, 6, p, c,), the local con- 
vection coefficient 4, associated with the counter 
flow, and the air temperature. For a known temper- 
ature of the sheet (7;) at the onset of cooling and a 
negligible effect of the sheet velocity on boundary 
layer development, solve the equation to obtain an 
expression for the outlet temperature T,,. 


For 6 =2mm, V=0.10m/s, L=5m, W= 1m, 
u.. = 20 m/s, T,, = 20°C, and T; = 300°C, what is 
the outlet temperature T,? 


(b) 


7.29 An array of electronic chips is mounted within a sealed 


Electronic =, 
package, 


P. 


elec 


rectangular enclosure, and cooling is implemented by 
attaching an aluminum heat sink (k = 180 W/m-K). 
The base of the heat sink has dimensions of w; = w) = 
100 mm, while the 6 fins are of thickness t = 10 mm 
and pitch S = 18mm. The fin length is L;= 50mm, 
and the base of the heat sink has a thickness of 
L, = 10mm. 


If cooling is implemented by water flow through 
the heat sink, with u,, = 3 m/s and T., = 17°C, what is 
the base temperature 7), of the heat sink when power dis- 
sipation by the chips is P.,.. = 1800 W? The average 
convection coefficient for surfaces of the fins and the 
exposed base may be estimated by assuming parallel 
flow over a flat plate. Properties of the water may be 
approximated as k= 0.62W/m:K, p= 995kg/m*, 
Cy = 4178 J/kg: K, v = 7.73 X 10-7 m/s, and Pr = 5.2. 


7.30 


Consider the concentrating photovoltaic apparatus of 
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Problem 7.19. The apparatus is to be installed in a 
desert environment, so the space between the concen- 
trating lens and top of the photovoltaic cell is 
enclosed to protect the cell from sand abrasion in 
windy conditions. Since convection cooling from the 
top of the cell is reduced by the enclosure, an engi- 
neer proposes to cool the photovoltaic cell by attach- 
ing an aluminum heat sink to its bottom surface. The 
heat sink dimensions and material are the same as 
those of Problem 7.29. A contact resistance of 
0.5 X 10°+m?-K/W_ exists at the photovoltaic 
cell/heat sink interface and a dielectric liquid 
(k = 0.064 W/m:K, p = 1400 kg/m’, c, = 1300 J/kg: K, 
v = 10°° m’/s, Pr = 25) flows between the heat sink 
fins at u.. = 3 m/s, T.. = 25°C. 

(a) Determine the electric power produced by the pho- 
tovoltaic cell and the silicon temperature for a 
square concentrating lens with L).,, = 400 mm. 

(b) Compare the electric power produced by the photo- 
voltaic cell with the heat sink in place and with the 
bottom surface cooled directly by the dielectric 
fluid (i.e., no heat sink) for Lin, = 1.5 m. 


(c) Determine the electric power output and the silicon 
temperature over the range 100mm = L,,,, < 
3000 mm with the aluminum heat sink in place. 


In the production of sheet metals or plastics, it is 
customary to cool the material before it leaves the pro- 
duction process for storage or shipment to the customer. 
Typically, the process is continuous, with a sheet of 
thickness 6 and width W cooled as it transits the distance 
L between two rollers at a velocity V. In this problem, we 
consider cooling of plain carbon steel by an airstream 
moving at a velocity u,, in cross flow over the top and 
bottom surfaces of the sheet. A turbulence promoter is 
used to provide turbulent boundary layer development 
over the entire surface. 


Surroundings, T,,,, 
Gueks 
Tj 
WwW 
4 


Plain carbon steel 
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(a) By applying conservation of energy to a differential 
control surface of length dx, which either moves 
with the sheet or is stationary and through which 
the sheet passes, and assuming a uniform sheet 
temperature in the direction of airflow, derive a dif- 
ferential equation that governs the temperature dis- 
tribution, T(x), along the sheet. Consider the effects 
of radiation, as well as convection, and express your 
result in terms of the velocity, thickness, and prop- 
erties of the sheet (V, 6, p, c,, €), the average con- 
vection coefficient hy associated with the cross 
flow, and the environmental temperatures (T.,, T,,,). 


(b) Neglecting radiation, obtain a closed form solution 
to the foregoing equation. For 6 = 3mm, V= 
0.10 m/s, L = 10m, W= 1m, u., = 20 m/s, T., = 
20°C, and a sheet temperature of T; = 500°C at the 
onset of cooling, what is the outlet temperature 7? 
Assume a negligible effect of the sheet velocity 
on boundary layer development in the direction 
of airflow. The density and specific heat of the steel 
are p = 7850 kg/m* and Cy = 620 J/kg*K, while 
properties of the air may be taken to be k = 0.044 
W/m: K, v = 4.5 X 107° m’/s, Pr = 0.68. 


(c) 


Accounting for the effects of radiation, with « = 


0.70 and T,, = 20°C, numerically integrate the dif- 
ferential equation derived in part (a) to determine 
the temperature of the sheet at L = 10 m. Explore the 
effect of V on the temperature distribution along 
the sheet. 


7.32 A steel strip emerges from the hot roll section of a steel 


mill at a speed of 20 m/s and a temperature of 1200 K. 
Its length and thickness are L= 100m and 6 = 
0.003 m, respectively, and its density and specific heat 
are 7900 kg/m? and 640 J/kg: K, respectively. 


Atmospheric air, 
ee = SOONG 


Steel strip (1200 kK) 


— > V=20ms 


P L >| 


Atmospheric air, 
Te = SOONG 


Accounting for heat transfer from the top and bottom 
surfaces and neglecting radiation and strip conduction 
effects, determine the time rate of change of the strip 
temperature at a distance of 1 m from the leading edge 
and at the trailing edge. Determine the distance from 
the leading edge at which the minimum cooling rate is 
achieved. 
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In Problem 7.23, an anemometer design was 
explored, and the assumption was made that the strip 
temperature was uniform. This is a good assumption 
when the heat transfer coefficient is low or the strip 
thermal conductivity high, because then conduction 
within the strip redistributes the generated heat and 
makes the strip temperature uniform. However, as the 
heat transfer coefficient increases or strip thermal 
conductivity decreases, heat generated at a point in 
the strip leaves the surface in the vicinity of that 
point, and the thermal condition is closer to one of 
uniform surface heat flux. 


(a) Develop the calibration equations for both the con- 
stant surface temperature and constant heat flux 
conditions, that is, find the equations that predict 
the velocity as a function of the power per unit strip 
width, P’(mW/mm), and the temperature measured 
at the trailing edge (as in Problem 7.23). Assume 
laminar flow conditions. 


(b) If the true condition is uniform surface heat flux, 
but the uniform surface temperature calibration is 
used, what percentage error will be incurred in the 


velocity determination? 


(c) Where could the thermocouple be placed so that 
the calibration is insensitive to whether the thermal 
condition is uniform surface temperature or uni- 


form surface heat flux? 


A flat plate of width 1 m and length 0.2 m is maintained 
at a temperature of 32°C. Ambient fluid at 22°C flows 
across the top of the plate in parallel flow. Determine 
the average heat transfer coefficient, the convection 
heat transfer rate from the top of the plate, and the drag 
force on the plate for the following: 


(a) The fluid is water flowing at a velocity of 0.5 m/s. 


(b) The nanofluid of Example 2.2 is flowing at a 
velocity of 0.5 m/s. 


(c) Water is flowing at a velocity of 2.5 m/s. 


(d) The nanofluid of Example 2.2 is flowing at a 
velocity of 2.5 m/s. 


One hundred electrical components, each dissipating 
25W, are attached to one surface of a square 
(0.2m X 0.2m) copper plate, and all the dissipated 
energy is transferred to water in parallel flow over 
the opposite surface. A protuberance at the leading 
edge of the plate acts to trip the boundary layer, and 
the plate itself may be assumed to be isothermal. The 
water velocity and temperature are u,, = 2 m/s and 
T.. = 17°C, and the water’s thermophysical properties 
may be approximated as v = 0.96 X 10°° m/s, k = 
0.620 W/m: K, and Pr = 5.2. 
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Water Copper plate, 7, 
Tepe & ‘ 
te ;——— Contact area, A. 
| — So and 
Boundary uy EERE EE BG |: Fesiptanee) tre 
layer - = = >~ Component, T.. 
trip ; i 
L=0.2m 
(a) What is the temperature of the copper plate? 
(b) If each component has a plate contact surface area 
of 1 cm’ and the corresponding contact resistance is 
2 X 10-4 m?-K/W, what is the component temper- 
ature? Neglect the temperature variation across the 
thickness of the copper plate. 
7.36 Air at 27°C with a free stream velocity of 10 m/s 


is used to cool electronic devices mounted on a 
printed circuit board. Each device, 4mm X 4mm, 
dissipates 40 mW, which is removed from the top 
surface. A turbulator is located at the leading 
edge of the board, causing the boundary layer to be 
turbulent. 


Fourth device 


Turbulator 


x=15mm al 


Printed 
circuit 
board 


(a) Estimate the surface temperature of the fourth 
device located 15 mm from the leading edge of the 
board. 


Generate a plot of the surface temperature of the 
first four devices as a function of the free stream 
velocity for 5 = u,, = 15 m/s. 


[w)] 


(c) 


What is the minimum free stream velocity if the 
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surface temperature of the hottest device is not to 
exceed 80°C? 


The boundary layer associated with parallel flow over 
an isothermal plate may be tripped at any x-location by 
using a fine wire that is stretched across the width of the 
plate. Determine the value of the critical Reynolds 
number Re,...,, that is associated with the optimal loca- 
tion of the trip wire from the leading edge that will 
result in maximum heat transfer from the warm plate to 


the cool fluid. 


Forced air at 25°C and 10 m/s is used to cool elec- 
tronic elements mounted on a circuit board. Consider 
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a chip of length 4mm and width 4mm located 
120mm from the leading edge. Because the board 
surface is irregular, the flow is disturbed and the 
appropriate convection correlation is of the form 
Nu, = 0.04 Reo Pr?, 


Estimate the surface temperature of the chip, T,, if its 
heat dissipation rate is 30 mW. 


Air at atmospheric pressure and a temperature of 25°C 
is in parallel flow at a velocity of 5 m/s over a 1-m-long 
flat plate that is heated with a uniform heat flux of 
1250 W/m’. Assume the flow is fully turbulent over the 
length of the plate. 


(a) Calculate the plate surface temperature, 7,(L), and 
the local convection coefficient, ,(L), at the trail- 
ing edge, x = L. 

(b) Calculate the average temperature of the plate 

surface, T,. 


(c) 


Plot the variation of the surface temperature, 7,(x), 
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and the convection coefficient, /,(x), with distance 
on the same graph. Explain the key features of 
these distributions. 


Working in groups of two, our students design and 
perform experiments on forced convection phenom- 
ena using the general arrangement shown schemati- 
cally. The air box consists of two muffin fans, a 
plenum chamber, and flow straighteners discharging 
a nearly uniform airstream over the flat test-plate. 
The objectives of one experiment were to measure the 
heat transfer coefficient and to compare the results 
with standard convection correlations. The velocity 
of the airstream was measured using a thermistor- 
based anemometer, and thermocouples were used to 
determine the temperatures of the airstream and the 
test-plate. 

With the airstream from the box fully stabilized 
at T.. = 20°C, an aluminum plate was preheated in 
a convection oven and quickly mounted in the test- 
plate holder. The subsequent temperature history 
of the plate was determined from thermocouple 
measurements, and histories obtained for airstream 
velocities of 3 and 9 m/s were fitted by the following 
polynomial: 


7A1 


a Problems 


Air box 


Slot nozzle 


Airstream 


Test-plate 


Insulation pad 


T(t) bt+ cP +d 4 


et 


The temperature T and time t have units of °C and s, 
respectively, and values of the coefficients appropriate 
for the time interval of the experiments are tabulated as 
follows: 


Velocity (m/s) 3 9 
Elapsed Time (s) 300 160 

a (°C) 56.87 57.00 

b (°C/s) —0.1472 —0.2641 
c °C/s’) 3x 10+ 9x 107+ 
d (°C/s3) -4X 107 -—2x 10° 
e (°C/s*) 2x 107 1x 10° 


The plate is square, 133 mm to a side, with a thickness 
of 3.2mm, and is made from a highly polished 
aluminum alloy (p = 2770kg/m*, c = 875 J/kg:K, 
k = 177 W/m: Kk). 


(a) Determine the heat transfer coefficients for the two 
cases, assuming the plate behaves as a spacewise 
isothermal object. 


Evaluate the coefficients C and m for a correlation 
of the form 


(b) 


Nu, = C Re” Pr‘? 


Compare this result with a standard flat-plate corre- 
lation. Comment on the goodness of the comparison 
and explain any differences. 


Consider atmospheric air at u., = 2 m/s and T,, = 300K 
in parallel flow over an isothermal flat plate of length 
L = 1 mand temperature T, = 350 K. 


(a) Compute the local convection coefficient at the 
leading and trailing edges of the heated plate 
with and without an unheated starting length of 
€é=I1m. 
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(b) Compute the average convection coefficient for the 
plate for the same conditions as part (a). 


(c)| Plot the variation of the local convection coefficient 
over the plate with and without an unheated start- 
ing length. 


Consider a thin, 50mm X 50mm fuel cell similar to 
that of Example 1.5, with air in parallel flow over its 
surfaces. Very small-diameter wires are stretched 
across both sides of the fuel cell at a distance x = x, 
from the leading edge in order to trip the flow into tur- 
bulent conditions. Using an appropriate correlation 
from Chapter 7, determine the minimum velocity 
needed to sustain the fuel cell at T, = 77°C, and the 
associated location of the wire. The air and large sur- 
roundings are at T,, = T,,, = 27°C and the fuel cell dissi- 
pates E, = 11W. The fuel cell emissivity is ¢ = 0.85. 


7.43 The cover plate of a flat-plate solar collector is at 15°C, 
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while ambient air at 10°C is in parallel flow over the 
plate, with u,, = 2 m/s. 


Cover plate Cover plate 


fel m >| 
(a) 


-— 2 m—>/+ 1 m>} 
(b) 


(a) What is the rate of convective heat loss from the 
plate? 


(b) If the plate is installed 2 m from the leading edge of 
a roof and flush with the roof surface, what is the 
rate of convective heat loss? 


An array of 10 silicon chips, each of length L = 10mm 
on a side, is insulated on one surface and cooled on the 
opposite surface by atmospheric air in parallel flow with 
T.. = 24°C and u,, = 40 m/s. When in use, the same 
electrical power is dissipated in each chip, maintaining a 
uniform heat flux over the entire cooled surface. 


If the temperature of each chip may not exceed 80°C, 
what is the maximum allowable power per chip? What 
is the maximum allowable power if a turbulence 
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promoter is used to trip the boundary layer at the lead- 
ing edge? Would it be preferable to orient the array 
normal, instead of parallel, to the airflow? 


A square (10mm X 10 mm) silicon chip is insulated on 
one side and cooled on the opposite side by atmos- 
pheric air in parallel flow at u.. = 20m/s and T,, = 
24°C. When in use, electrical power dissipation within 
the chip maintains a uniform heat flux at the cooled 
surface. If the chip temperature may not exceed 80°C at 
any point on its surface, what is the maximum allow- 
able power? What is the maximum allowable power if 
the chip is flush mounted in a substrate that provides for 
an unheated starting length of 20 mm? 


Cylinder in Cross Flow 
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Consider the following fluids, each with a velocity of 
V =5m/s and a temperature of T,, = 20°C, in cross 
flow over a 10-mm-diameter cylinder maintained at 
50°C: atmospheric air, saturated water, and engine oil. 


(a) Calculate the rate of heat transfer per unit length, 
q', using the Churchill-Bernstein correlation. 


(b)| Generate a plot of q' as a function of fluid velocity 
for 0.5 = V <= 10m/s. 


A circular pipe of 25-mm outside diameter is placed in 
an airstream at 25°C and l-atm pressure. The air 
moves in cross flow over the pipe at 15 m/s, while the 
outer surface of the pipe is maintained at 100°C. What 
is the drag force exerted on the pipe per unit length? 
What is the rate of heat transfer from the pipe per unit 
length? 


An L = 1-m-long vertical copper tube of inner diameter 
D,;= 20mm and wall thickness t= 2mm contains 
liquid water at 7,,~O°C. On a winter day, air at 
V = 3 m/s, T., = —20°C is in cross flow over the tube. 


(a) Determine the heat loss per unit mass from the 
water (W/kg) when the tube is full of water. 


(b) Determine the heat loss from the water (W/kg) 
when the tube is half full. 


A long, cylindrical, electrical heating element of diameter 
D = 10mm, thermal conductivity k = 240 W/m: K, den- 
sity p = 2700 kg/m’, and specific heat c, = 900 J/kg: K is 
installed in a duct for which air moves in cross flow over 
the heater at a temperature and velocity of 27°C and 
10 m/s, respectively. 


(a) Neglecting radiation, estimate the steady-state sur- 
face temperature when, per unit length of the 
heater, electrical energy is being dissipated at a rate 
of 1000 W/m. 


7.50 


751 


7.52 


7.53 


(b) If the heater is activated from an initial temperature 
of 27°C, estimate the time required for the surface 
temperature to come within 10°C of its steady-state 
value. 


Consider the conditions of Problem 7.49, but now 
allow for radiation exchange between the surface of the 
heating element (¢ = 0.8) and the walls of the duct, 
which form a large enclosure at 27°C. 


(a) Evaluate the steady-state surface temperature. 


(b) If the heater is activated from an initial temperature 
of 27°C, estimate the time required for the surface 
temperature to come within 10°C of the steady- 
state value. 


To guard against overheating due to unanticipated 
excursions in the blower output, the heater con- 
troller is designed to maintain a fixed surface tem- 
perature of 275°C. Determine the power dissipation 
required to maintain this temperature for air veloci- 
ties in the range 5 = V = 10 m/s. 


(c) 


Pin fins are to be specified for use in an industrial cool- 
ing application. The fins will be subjected to a gas in 
cross flow at V= 10 m/s. The cylindrical fin has a 
diameter of D = 15 mm, and the cross-sectional area is 
the same for each configuration shown in the sketch. 


D 
—_ —_ —_ 
—_ —_ —_ 
—_ —_ — 
Vv, T., V,T. v, T. 


Configuration A Configuration B 


Cross sections of cylindrical and square fins in cross flow 


For fins of equal length and therefore equal mass, which 
fin has the largest heat transfer rate? Assume the gas 
properties are those of air at T= 350K. Hint: Assume 
the fins can be treated as infinitely long and apply the 
Hilpert correlation to the fin of circular cross section. 


A pin fin of 10-mm diameter dissipates 30 W by forced 
convection to air in cross flow with a Reynolds number 
of 4000. If the diameter of the fin is doubled and all 
other conditions remain the same, estimate the fin heat 
rate. Assume the pin to be infinitely long. 


Air at 27°C and a velocity of 5 m/s passes over the small 
region A, (20mm X 20 mm) on a large surface, which is 
maintained at T, = 127°C. For these conditions, 0.5 W 
is removed from the surface A,. To increase the heat 
removal rate, a stainless steel (AISI 304) pin fin of 
diameter 5mm is affixed to A,, which is assumed to 
remain at T, = 127°C. 


Configuration C 
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—| DR 


Air 


(a) 


Determine the maximum possible heat removal rate 
through the fin. 

(b) What fin length would provide a close approxima- 
tion to the heat rate found in part (a)? Hint: Refer to 


Example 3.9. 
(c) 
(d 


Determine the fin effectiveness, ¢,. 


ar 


What is the percentage increase in the heat rate 
from A, due to installation of the fin? 


To enhance heat transfer from a silicon chip of width 
W = 4mm on a side, a copper pin fin is brazed to the 
surface of the chip. The pin length and diameter are 
L=12mm and D=2mn, respectively, and atmos- 
pheric air at V = 10 m/s and T,, = 300K is in cross 
flow over the pin. The surface of the chip, and hence 
the base of the pin, are maintained at a temperature of 
T, = 350K. 


| Dh 
Pin a 
Air fin 
vo 
To 
See L 
Chip, "| 


Wa’ 
(a) Assuming the chip to have a negligible effect on 
flow over the pin, what is the average convection 
coefficient for the surface of the pin? 


(b) Neglecting radiation and assuming the convection 
coefficient at the pin tip to equal that calculated in 


part (a), determine the pin heat transfer rate. 


(c) Neglecting radiation and assuming the convection 
coefficient at the exposed chip surface to equal that 
calculated in part (a), determine the total rate of 


heat transfer from the chip. 


(d)| Independently determine and plot the effect of 


increasing velocity (10=V=40m/s) and pin 
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diameter (2 = D = 4mm) on the total rate of heat 
transfer from the chip. What is the heat rate for 
V = 40 m/s and D = 4mm? 


Consider the Nichrome wire (D = 1mm, p, = 10°° 
Q-+m, k = 25 W/m:K, ¢ = 0.20) used to fabricate the 
air heater of Problem 3.86, but now under conditions 
for which the convection heat transfer coefficient must 
be determined. 


(a) For atmospheric air at 50°C and a cross-flow veloc- 
ity of 5 m/s, what are the surface and centerline 
temperatures of the wire when it carries a current of 
25 A and the housing of the heater is also at 50°C? 


(b) 


Explore the effect of variations in the flow velocity 


and electrical current on the surface and centerline 
temperatures of the wire. 


Hot water at 50°C is routed from one building in which 
it is generated to an adjoining building in which it is 
used for space heating. Transfer between the buildings 
occurs in a steel pipe (k = 60 W/m-K) of 100-mm 
outside diameter and 8-mm wall thickness. During 
the winter, representative environmental conditions 
involve air at T,, = —5°C and V = 3 m/s in cross flow 
over the pipe. 


(a) If the cost of producing the hot water is $0.10 per 
kW-h, what is the representative daily cost of heat 
loss from an uninsulated pipe to the air per meter of 
pipe length? The convection resistance associated 
with water flow in the pipe may be neglected. 


(b) Determine the savings associated with application 
of a 10-mm-thick coating of urethane insulation 


(k = 0.026 W/m: K) to the outer surface of the pipe. 


In a manufacturing process, long aluminum rods of 
square cross section with d = 25 mm are cooled from 
an initial temperature of 7; = 400°C. Which configura- 
tion in the sketch should be used to minimize the time 
needed for the rods to reach a safe-to-handle tempera- 
ture of 60°C when exposed to air in cross flow at 
V=8m/s, T.. = 30°C? What is the required cooling 
time for the preferred configuration? The emissivity of 
the rods is e = 0.10 and the surroundings temperature 
is T,,, = 20°C. 


sur 


a at 
d 
= 
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7.58 A fine wire of diameter D is positioned across a passage 
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to determine flow velocity from heat transfer character- 
istics. Current is passed through the wire to heat it, and 
the heat is dissipated to the flowing fluid by convection. 
The resistance of the wire is determined from electrical 
measurements, and the temperature is known from the 
resistance. 


(a) For a fluid of arbitrary Prandtl number, develop an 
expression for its velocity in terms of the difference 
between the temperature of the wire and the free 
stream temperature of the fluid. 


(b) What is the velocity of an airstream at 1 atm and 
25°C, if a wire of 0.5-mm diameter achieves a tem- 
perature of 40°C while dissipating 35 W/m? 


To determine air velocity changes, it is proposed to 
measure the electric current required to maintain a plat- 
inum wire of 0.5-mm diameter at a constant tempera- 
ture of 77°C in a stream of air at 27°C. 


(a) Assuming Reynolds numbers in the range 
40 < Rep < 1000, develop a relationship between 
the wire current and the velocity of the air that is in 
cross flow over the wire. Use this result to establish 
a relation between fractional changes in the current, 
Al/T, and the air velocity, AV/V. 


Calculate the current required when the air velocity 
is 10 m/s and the electrical resistivity of the plat- 
inum wire is 17.1 X 10° Q-m. 


(b) 
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Fluid velocities can be measured using hot-film sen- 


V, T., = 20°C 


a 


sors, and a common design is one for which the sens- 
ing element forms a thin film about the circumference 
of a quartz rod. The film is typically comprised of a 
thin (~100 nm) layer of platinum, whose electrical 
resistance is proportional to its temperature. Hence, 
when submerged in a fluid stream, an electric current 
may be passed through the film to maintain its 
temperature above that of the fluid. The temperature 
of the film is controlled by monitoring its electric 
resistance, and with concurrent measurement of the 
electric current, the power dissipated in the film may 
be determined. 


\ N 


Quartz rod, D= 1.5 mm 
k= 1.4 W/mK 


Fluid 


Power leads, thick 
films, no power 
dissipation 
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Proper operation is assured only if the heat generated 
in the film is transferred to the fluid, rather than con- 
ducted from the film into the quartz rod. Thermally, 
the film should therefore be strongly coupled to the 
fluid and weakly coupled to the quartz rod. This condi- 
tion is satisfied if the Biot number is very large, 
Bi = hD/2k > 1, where h is the convection coefficient 
between the fluid and the film and k is the thermal con- 
ductivity of the rod. 


(a) For the following fluids and velocities, calculate 
and plot the convection coefficient as a function 
of velocity: (1) water, 0.5 =V=Sm/s; (ii) air, 
1=V=20m/s. 


(b) Comment on the suitability of using this hot-film 
sensor for the foregoing conditions. 


Consider use of the hot-film sensor described in Prob- 
lem 7.60 to determine the velocity of water entering the 
cooling system of an electric power plant from an 
adjoining lake. The sensor is mounted within an intake 
pipe, and its controls are set to maintain an average hot- 
film temperature that is 5°C larger than the fluid tem- 
perature (T,n¢ — T.. = 5°C). 


(a) If an independent measurement of the water tem- 
perature yields a value of T,, = 17°C, use the 
Churchill-Bernstein correlation to estimate the 
velocity of the water under conditions for which 
the power input to the sensor maintains a heat 
flux of gi;= 4X 10* W/m? from the film to the 
water. 


(b) If the sensor is exposed to the water for an 
extended period, its surface will be fouled by an 
accumulation of deposits from the water. Consider 
conditions for which the deposits form a 0.1-mm- 
thick shell around the sensor and have a thermal 
conductivity of kj = 2 W/m:K. For T., = 17°C and 
the flow velocity determined in part (a), what heat 
flux must be supplied to the sensor to maintain its 
temperature at 7,,,= 22°C? What is the corre- 
sponding error in the velocity measurement? Note: 
Conduction across the deposit may be approxi- 
mated as that across a plane wall. 


Determine the convection heat loss from both the top 
and the bottom of a flat plate at 7, = 80°C with air in 
parallel flow at T., = 25°C, u., = 3 m/s. The plate is 
t=1mm thick, L=25mm long, and of depth 
w = 50mm. Neglect the heat loss from the edges of the 
plate. Compare the convection heat loss from the plate 
to the convection heat loss from an L, = 50-mm-long 
cylinder of the same volume as that of the plate. The 
convective conditions associated with the cylinder are 
the same as those associated with the plate. 
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Consider two very long, straight fins of uniform cross 
section, as shown in Figure 3.17. The rectangular fin 
has dimensions ¢ = 1 mm and w = 20 mm. The circular 
pin fin has the same cross-sectional area as the rectan- 
gular fin. Both fins are constructed of aluminum with 
k = 237 W/m‘K. In both cases, the base temperature is 
T, = 85°C. Airflow is directed as shown in the figure, 
with T,, = 20°C and u.. = 5 m/s. 


(a) Calculate the heat loss from each fin. Assume that 
the heat transfer coefficient on the edges of the rec- 
tangular fin is equal to the average value on the 
upper and lower surfaces. 


(b) What diameter cylindrical fin would be needed to 
provide the same fin heat transfer rate as the rectan- 
gular cross-section fin? 


A computer code is being developed to analyze a tem- 
perature sensor of 12.5-mm diameter experiencing cross 
flow of water with a free stream temperature of 80°C 
and variable velocity. Derive an expression for the con- 
vection heat transfer coefficient as a function of the sen- 
sor surface temperature T, for the range 20 < T, < 80°C 
and for velocities V in the range 0.005 < V < 0.20 m/s. 
Use the Zukauskas correlation for the range 
40 < Rep < 1000 and assume that the Prandtl number 
of water has a linear temperature dependence. 


A 25-mm-diameter, high-tension line has an electrical 
resistance of 10~* QO/m and is transmitting a current of 
1000 A. 


(a) 


If ambient air at 10°C and 5 m/s is in cross flow 
over the line, what is its surface temperature? 

(b) If the line may be approximated as a solid copper 
rod, what is its centerline temperature? 


(c) 


Generate a plot that depicts the variation of the 


surface temperature with air velocity for 1 =V= 
10 m/s. 


An aluminum transmission line with a diameter of 
20 mm has an electrical resistance of R/),, = 2.636 X 
10-4 O/m and carries a current of 700 A. The line is 
subjected to frequent and severe cross winds, increas- 
ing the probability of contact between adjacent lines, 
thereby causing sparks and creating a potential fire haz- 
ard for nearby vegetation. The remedy is to insulate the 
line, but with the adverse effect of increasing the con- 
ductor operating temperature. 


(a) Calculate the conductor temperature when the air 
temperature is 20°C and the line is subjected to 
cross flow with a velocity of 10 m/s. 


(b) Calculate the conductor temperature for the same 
conditions, but with a 2-mm-thick insulation having 
a thermal conductivity of 0.15 W/m: K. 
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(c) 


Calculate and plot the temperatures of the bare and 


insulated conductors for wind velocities in the 
range from 2 to 20 m/s. Comment on features of 
the curves and the effect of the wind velocity on the 
conductor temperatures. 


To augment heat transfer between two flowing fluids, it 
is proposed to insert a 100-mm-long, 5-mm-diameter 
2024 aluminum pin fin through the wall separating the 
two fluids. The pin is inserted to a depth of d into fluid 1. 
Fluid 1 is air with a mean temperature of 10°C and 
velocity of 10 m/s. Fluid 2 is air with a mean tempera- 
ture of 40°C and velocity of 3 m/s. 


T,, = 10°C, V=10 m/s 


Air 
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oo Air 
—__"— 
v T., = 40°C, V=3 m/s 


(a) Determine the rate of heat transfer from the warm 
air to the cool air through the pin fin for d = 50 mm. 


(b) | Plot the variation of the heat transfer rate with the 
insertion distance, d. Does an optimal insertion 
distance exist? 


An uninsulated steam pipe is used to transport high- 
temperature steam from one building to another. The 
pipe is of 0.5-m diameter, has a surface temperature of 
150°C, and is exposed to ambient air at —10°C. The 
air moves in cross flow over the pipe with a velocity 
of 5 m/s. 


(a) What is the heat loss per unit length of pipe? 


(b) 


Consider the effect of insulating the pipe with a 


rigid urethane foam (k = 0.026 W/m: K). Evaluate 
and plot the heat loss as a function of the thickness 
6 of the insulation layer for 0 = 6 = 50 mm. 


A thermocouple is inserted into a hot air duct to measure 
the air temperature. The thermocouple (7) is soldered 
to the tip of a steel thermocouple well of length 
L = 0.15 m and inner and outer diameters of D; = 5 mm 


478 


7.70 


Chapter 7 = External Flow 


and D, = 10mm. A second thermocouple (7>) is used to 
measure the duct wall temperature. 


\ 
Tas 


—_ 
— 
+ Steel 
thermocouple 
 _—_ ig well 
—_ 
——_ ¥ 
T, 
D,—| = 
D,; —I| —— 


Consider conditions for which the air velocity in the 
duct is V = 3m/s and the two thermocouples register 
temperatures of T, = 450 K and T, = 375 K. Neglecting 
radiation, determine the air temperature T,,. Assume that, 
for steel, k = 35 W/mK, and, for air, p = 0.774 kg/m}, 
p= 251 X 10°’ N:s/m’, & = 0.0373 W/mK, and 
Pr = 0.686. 


Consider conditions for which a mercury-in-glass 
thermometer of 4-mm diameter is inserted to a 
length L through the wall of a duct in which air at 
77°C is flowing. If the stem of the thermometer at 
the duct wall is at the wall temperature 7,, = 15°C, 
conduction heat transfer through the glass causes the 
bulb temperature to be lower than that of the 
airstream. 


(a) Develop a relationship for the immersion error, 
AT, = T(L) — T.., as a function of air velocity, 
thermometer diameter, and insertion length L. 


(b) To what length L must the thermometer be inserted 
if the immersion error is not to exceed 0.25°C when 


the air velocity is 10 m/s? 


(c) 


Using the insertion length determined in part (b), 


calculate and plot the immersion error as a function 
of air velocity for the range 2 to 20 m/s. 


(d) For a given insertion length, will the immersion 
error increase or decrease if the diameter of 
the thermometer is increased? Is the immersion 
error more sensitive to the diameter or air 


velocity? 
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In a manufacturing process, a long, coated plastic rod 
(p = 2200 kg/m, c = 800 J/kg:K, k = 1 W/m-K) of 
diameter D = 20 mm is initially at a uniform tempera- 
ture of 25°C and is suddenly exposed to a cross flow of 
air at T,, = 350°C and V = 50 m/s. 


(a) How long will it take for the surface of the rod to 
reach 175°C, the temperature above which the 
special coating will cure? 


(b) 


Generate a plot of the time to reach 175°C as a 


function of air velocity for 5 = V = 50 m/s. 


In an extrusion process, copper wire emerges from the 
extruder at a velocity V, and is cooled by convection 
heat transfer to air in cross flow over the wire, as well 
as by radiation to the surroundings. 


Fi fee 


Air ee 


(a) By applying conservation of energy to a differential 
control surface of length dx, which either moves 
with the wire or is stationary and through which the 
wire passes, derive a differential equation that gov- 
erns the temperature distribution, T(x), along the 
wire. In your derivation, the effect of axial conduc- 
tion along the wire may be neglected. Express your 
result in terms of the velocity, diameter, and prop- 
erties of the wire (V,, D, p, Cy» €), the convection 
coefficient associated with the cross flow (h), and 
the environmental temperatures (T.., Tyy,). 


(b) Neglecting radiation, obtain a closed form solution 
to the foregoing equation. For V, = 0.2 m/s, 
D=5mm, V=5m)/s, T,, = 25°C, and an initial 
wire temperature of 7; = 600°C, compute the tem- 
perature 7, of the wire at x = L = 5 m. The density 
and specific heat of the copper are p = 8900 kg/m? 
and c, = 400 J/kg-K, while properties of the air 
may be taken to be k = 0.037 W/m:K, v =3 X 


10> m’/s, and Pr = 0.69. 


(c) 


Accounting for the effects of radiation, with 


é = 0.55 and T,,, = 25°C, numerically integrate the 
differential equation derived in part (a) to determine 
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the temperature of the wire at L = 5 m. Explore the 
effects of V, and € on the temperature distribution 
along the wire. 


The objective of an experiment performed by our 
students is to determine the effect of pin fins on the 
thermal resistance between a flat plate and an airstream. 
A 25.9-mm-square polished aluminum plate is sub- 
jected to an airstream in parallel flow at T,, = 20°C and 
u. = 6m/s. An electrical heating patch is attached to 
the backside of the plate and dissipates 15.5 W under 
all conditions. Pin fins of diameter D = 4.8 mm and 
length L = 25.4 mm are fabricated from brass and can 
be firmly attached to the plate at various locations over 
its surface. Thermocouples are attached to the plate 
surface and the tip of one of the fins. 


Threaded location for 
pin fin a 


Aluminum plate 
Electrical heater 
Polystyrene insulation 


Measured temperatures for five pin-fin configurations 
are tabulated. 


Temperature (°C) 


Number 

of Pin Fins Fin Tip Plate Base 
0 — 70.2 

if 40.6 67.4 

2 39.5 64.7 

5 36.4 57.4 

8 34.2 52.1 


(a) Using the experimental observations and neglect- 
ing the effect of flow interactions between pins, 
determine the thermal resistance between the plate 
and the airstream for the five configurations. 

(b) Develop a model of the plate—pin fin system and 

using appropriate convection correlations, predict 

the thermal resistances for the five configurations. 

Compare your predictions with the observations 

and explain any differences. 

(c) Use your model to predict the thermal resistances 

when the airstream velocity is doubled. 
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Air at 25°C flows over a 10-mm-diameter sphere with a 
velocity of 25 m/s, while the surface of the sphere is 
maintained at 75°C. 


(a) What is the drag force on the sphere? 
(b) What is the rate of heat transfer from the sphere? 


(c) 


Generate a plot of the heat transfer from the sphere 


as a function of the air velocity for the range 1 to 
25 m/s. 


Consider a sphere with a diameter of 20 mm and a sur- 
face temperature of 60°C that is immersed in a fluid at a 
temperature of 30°C and a velocity of 2.5 m/s. Calcu- 
late the drag force and the heat rate when the fluid is 
(a) water and (b) air at atmospheric pressure. Explain 
why the results for the two fluids are so different. 


Consider the material processing experiment of Prob- 

lem 5.24, with atmospheric nitrogen used to implement 

cooling by convection. However, instead of using a 

prescribed value of the convection coefficient, compute 

the coefficient from an appropriate correlation. 

(a) Neglecting radiation, determine the time required 
to cool the sphere from 900°C to 300°C if the 
velocity and temperature of the nitrogen are 
V =5m/s and T,, = 25°C. 


(b)| Accounting for the effects of both convection and 
radiation, with « = 0.6 and T,,, = 25°C, determine 
the time required to cool the sphere. Explore the 
effects of the flow velocity on your result. 

A spherical, underwater instrument pod used to make 


soundings and to measure conditions in the water has a 
diameter of 85 mm and dissipates 300 W. 


(a) Estimate the surface temperature of the pod when 
suspended in a bay where the current is 1 m/s and 
the water temperature is 15°C. 


(b) Inadvertently, the pod is hauled out of the water 
and suspended in ambient air without deactivating 
the power. Estimate the surface temperature of the 
pod if the air temperature is 15°C and the wind 


speed is 3 m/s. 


Worldwide, over a billion solder balls must be manu- 
factured daily for assembling electronics packages. The 
uniform droplet spray method uses a_ piezoelectric 
device to vibrate a shaft in a pot of molten solder that, 
in turn, ejects small droplets of solder through a preci- 
sion-machined nozzle. As they traverse a collection 
chamber, the droplets cool and solidify. The collection 
chamber is flooded with an inert gas such as nitrogen to 
prevent oxidation of the solder ball surfaces. 
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Piezoelectric 
| oscillator 
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volume | 
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(a) Molten solder droplets of diameter 130 um are 
ejected at a velocity of 2 m/s at an initial temperature 
of 225°C into gaseous nitrogen that is at 30°C and 
slightly above atmospheric pressure. Determine the 
terminal velocity of the particles and the distance the 
particles have traveled when they become completely 
solidified. The solder properties are p = 8230 kg/m’, 
c = 240 J/kg-K, k = 38 W/mK, hy = 42 kJ/kg. The 
solder’s melting temperature is 183°C. 

(b) The piezoelectric device oscillates at 1.8 kHz, pro- 

ducing 1800 particles per second. Determine the sep- 

aration distance between the particles as they traverse 
the nitrogen gas and the pot volume needed in order 
to produce the solder balls continuously for one week. 


7.79 A spherical workpiece of pure copper with a diameter 


of 15mm and an emissivity of 0.5 is suspended in a 
large furnace with walls at a uniform temperature of 
600°C. Air flows over the workpiece at a temperature of 
900°C and a velocity of 7.5 m/s. 

(a) Determine the steady-state temperature of the 
workpiece. 

Estimate the time required for the workpiece to come 


within 5°C of the steady-state temperature if it is at an 
initial, uniform temperature of 25°C. 


To decrease the time to heat the workpiece, the air 
velocity is doubled, with all other conditions remain- 
ing the same. Determine the steady-state temperature 
of the workpiece and the time required for it to come 
within 5°C of this value. Plot on the same graph the 
workpiece temperature histories for the two velocities. 


7.80 Copper spheres of 20-mm diameter are quenched by 


being dropped into a tank of water that is maintained 
at 280K. The spheres may be assumed to reach the 
terminal velocity on impact and to drop freely through 


7.81 


7.82 


7.83 


the water. Estimate the terminal velocity by equating the 
drag and gravitational forces acting on the sphere. What 
is the approximate height of the water tank needed to 
cool the spheres from an initial temperature of 360 K 
to a center temperature of 320 K? 


For the conditions of Problem 7.80, what are the termi- 
nal velocity and the tank height if engine oil at 300 K, 
rather than water, is used as the coolant? 


Consider the plasma spray coating process of Problem 
5.25. In addition to the prescribed conditions, the argon 
plasma jet is known to have a mean velocity of 
V = 400 m/s, while the initial velocity of the injected 
alumina particles may be approximated as zero. The 
nozzle exit and the substrate are separated by a distance 
of L = 100mm, and pertinent properties of the argon 
plasma may be approximated as k = 0.671 W/m:-K, 
c, = 1480 J/kg-K, ws = 2.70 X 10-4 kg/s-m, and vy = 
5.6 X 10-7 m/s. 


(a) Assuming the motion of particles entrained by the 
plasma jet to be governed by Stokes’ law, derive 
expressions for the particle velocity, V,(1), and its 
distance of travel from the nozzle exit, x,(7), as a 
function of time, t, where t = 0 corresponds to par- 
ticle injection. Evaluate the time-in-flight required 
for a particle to traverse the separation distance, 
x, = L, and the velocity V,, at this time. 


Assuming an average relative velocity of (V— V,) = 
315 m/s during the time-of-flight, estimate the con- 
vection coefficient associated with heat transfer 
from the plasma to the particle. Using this coeffi- 
cient and assuming an initial particle temperature 
of T; = 300 K, estimate the time-in-flight required 
to heat a particle to its melting point, T,,,, and, once 
at T,,,, for the particle to experience complete melt- 
ing. Is the prescribed value of L sufficient to ensure 
complete particle melting before surface impact? 


(b) 


Highly reflective aluminum coatings may be formed on 
the surface of a substrate by impacting the surface with 
molten drops of aluminum. The droplets are discharged 
from an injector, proceed through an inert gas (helium), 
and must still be in a molten state at the time of impact. 


Droplet injector 
|'e 


QO ae Helium, T. 

O Molten aluminum, V, D 
O 

oy oO 
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f = *mp = -|—— Cold substrate 


Consider conditions for which droplets with a diameter, 
velocity, and initial temperature of D = 500 um, 
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V=3m/s, and 7; = 1100K, respectively, traverse a 
stagnant layer of atmospheric helium that is at a tem- 
perature of T,, = 300K. What is the maximum allow- 
able thickness of the helium layer needed to ensure that 
the temperature of droplets impacting the substrate is 
greater than or equal to the melting point of aluminum 
(T; = Tp = 933K)? Properties of the molten alu- 
minum may be approximated as p = 2500 kg/m*, c = 
1200 J/kg: K, and k = 200 W/m: K. 


7.84 Tissue engineering involves the development of biologi- 


cal substitutes that restore or improve tissue function. 
Once manufactured, engineered organs can be implanted 
and grow within the patient, obviating chronic shortages 
of natural organs that arise when traditional organ trans- 
plant procedures are used. Artificial organ manufacture 
involves two major steps. First, a porous scaffold is fab- 
ricated with a specific pore size and pore distribution, as 
well as overall shape and size. Second, the top surface 
of the scaffold is seeded with human cells that grow into 
the pores of the scaffold. The scaffold material is 
biodegradable and is eventually replaced with healthy 
tissue. The artificial organ is then ready to be implanted 
in the patient. 

The complex pore shapes, small pore sizes, and 
unusual organ shapes preclude use of traditional manu- 
facturing methods to fabricate the scaffolds. A method 
that has been used with success is a solid freeform fab- 
rication technique whereby small spherical drops are 
directed to a substrate. The drops are initially molten 
and solidify when they impact the room-temperature 
substrate. By controlling the location of the droplet 
deposition, complex scaffolds can be built up, one drop 
at a time. A device similar to that of Problem 7.78 is 
used to generate uniform, 75-j.m-diameter drops at an 
initial temperature of T, = 150°C. The particles are sent 
through quiescent air at T,, = 25°C. The droplet proper- 
ties are p = 2200 kg/m’, c = 700 J/kg K. 


Droplet generator 
f 


" — 
‘ombustio' 
gases, V, 7. = 


481 


(a) It is desirable for the droplets to exit the nozzle at 
their terminal velocity. Determine the terminal 
velocity of the drops. 


(b) It is desirable for the droplets to impact the structure 


at a temperature of T, = 120°C. What is the required 
distance between the exit nozzle and the structure, L? 


7.85 A spherical thermocouple junction 1.0 mm in diameter 


is inserted in a combustion chamber to measure the 
temperature T., of the products of combustion. The hot 
gases have a velocity of V = 5 m/s. 


| _ Combustor 
wall, 7. 


Thermocouple 


junction, D, T 
— 


(a) If the thermocouple is at room temperature, 7;, when 
it is inserted in the chamber, estimate the time 
required for the temperature difference, T., — T, to 
reach 2% of the initial temperature difference, 
T., — T; Neglect radiation and conduction through 
the leads. Properties of the thermocouple junction are 
approximated as k = 100 W/m:K, c = 385 J/kg:K, 
and p = 8920 kg/m’, while those of the combustion 
gases may be approximated as k = 0.05 W/m:K, 
v = 50 X 10° m’/s, and Pr = 0.69. 

(b) If the thermocouple junction has an emissivity of 
0.5 and the cooled walls of the combustor are at 
T, = 400 K, what is the steady-state temperature of 
the thermocouple junction if the combustion gases 
are at 1000 K? Conduction through the lead wires 
may be neglected. 


(c)| To determine the influence of the gas velocity on 


the thermocouple measurement error, compute the 
steady-state temperature of the thermocouple junc- 
tion for velocities in the range 1 = V = 25 m/s. The 
emissivity of the junction can be controlled through 
application of a thin coating. To reduce the mea- 
surement error, should the emissivity be increased 
or decreased? For V = 5 m/s, compute the steady- 
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T,= 150°C 
Hl 
. Exit nozzle 
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I 


state junction temperature for emissivities in the 
range 0.1 Se = 1.0. 


pp f.=25°C,V 786 A thermocouple junction is inserted in a large duct to 


measure the temperature of hot gases flowing through 
the duct. 
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(a) If the duct surface temperature T, is less than the 
gas temperature T,,, will the thermocouple sense a 
temperature that is less than, equal to, or greater 
than T,? Justify your answer on the basis of a sim- 
ple analysis. 


(b) A thermocouple junction in the shape of a 2-mm- 
diameter sphere with a surface emissivity of 0.60 
is placed in a gas stream moving at 3 m/s. If the 
thermocouple senses a temperature of 320°C 
when the duct surface temperature is 175°C, what 
is the actual gas temperature? The gas may be 
assumed to have the properties of air at atmos- 


pheric pressure. 


(c) 


How would changes in velocity and emissivity 


7.87 
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affect the temperature measurement error? Deter- 
mine the measurement error for velocities in the 
range 1 = VS 25 m/s (e = 0.6) and for emissivi- 
ties in the range 0.1 = e = 1.0(V = 3 m/s). 


Consider temperature measurement in a gas stream 
using the thermocouple junction described in Problem 
7.86 (D = 2mm, ¢ = 0.60). If the gas velocity and 
temperature are 3 m/s and 500°C, respectively, what 
temperature will be indicated by the thermocouple if 
the duct surface temperature is 200°C? The gas may be 
assumed to have the properties of atmospheric air. 
What temperature will be indicated by the thermocou- 
ple if the gas pressure is doubled and all other condi- 
tions remain the same? 


A silicon chip (k = 150 W/m: K, p = 2300 kg/m’, Cy = 
700 J/kg-K), 10 mm on a side and 1 mm thick, is con- 
nected to a substrate by solder balls (k = 40 W/m-K, 
p = 10,000 kg/m*, c, = 150 J/kg-K) of 1-mm diame- 
ter, and during an accelerated thermal stress test, the 
system is exposed to the flow of a dielectric liquid 
(k = 0.064 W/m-K, v = 10°° m’/s, Pr = 25). As first 
approximations, treat the top and bottom surfaces of the 
chip as flat plates in turbulent, parallel flow and assume 
the substrate and lower chip surfaces to have a negligi- 
ble effect on flow over the solder balls. Also assume 
point contact between the chip and the solder, thereby 
neglecting heat transfer by conduction between the 
components. 


— Silicon chip, 7; 
Fe TO emi —_ +? <— pa 
Solder ball 4 <> 
older ba xT, fluid 
D=1mm———€) © © O <— 


Substrate 


(a) The stress test begins with the components at ambi- 
ent temperature (7; = 20°C) and proceeds with 
heating by the fluid at 7,, = 80°C. If the fluid 


velocity is V = 0.2 m/s, estimate the ratio of the 
time constant of the chip to that of a solder ball. 
Which component responds more rapidly to the 
heating process? 


(b) The thermal stress acting on the solder joint is pro- 
portional to the chip-to-solder temperature differ- 
ence. What is this temperature difference 0.25 s 


after the start of heating? 


Tube Banks 
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Repeat Example 7.6 for a more compact tube bank in 
which the longitudinal and transverse pitches are S; = 
S; = 20.5 mm. All other conditions remain the same. 


A preheater involves the use of condensing steam at 
100°C on the inside of a bank of tubes to heat air that 
enters at 1 atm and 25°C. The air moves at 5 m/s in 
cross flow over the tubes. Each tube is 1 m long and 
has an outside diameter of 10 mm. The bank consists 
of 196 tubes in a square, aligned array for which 
S; = S,; = 15mm. What is the total rate of heat trans- 
fer to the air? What is the pressure drop associated 
with the airflow? 


Consider the in-line tube bank of Problem 7.90 
(D = 10mm, L=1m, and $;=S, = 15mm), with 
condensing steam used to heat atmospheric air entering 
the tube bank at T; = 25°C and V = 5 m/s. In this case, 
however, the desired outlet temperature, not the number 
of tube rows, is known. What is the minimum value of 
N;,, needed to achieve an outlet temperature of T, = 
75°C? What is the corresponding pressure drop across 
the tube bank? 


A tube bank uses an aligned arrangement of 10-mm- 
diameter tubes with S; = S$; = 20mm. There are 10 
rows of tubes with 50 tubes in each row. Consider an 
application for which cold water flows through the 
tubes, maintaining the outer surface temperature at 
27°C, while flue gases at 427°C and a velocity of 5 m/s 
are in cross flow over the tubes. The properties of the 
flue gas may be approximated as those of atmospheric 
air at 427°C. What is the total rate of heat transfer per 
unit length of the tubes in the bank? 


An air duct heater consists of an aligned array of elec- 
trical heating elements in which the longitudinal and 
transverse pitches are S, = S;= 24 mm. There are 3 
rows of elements in the flow direction (NV, = 3) and 4 
elements per row (N; = 4). Atmospheric air with an 
upstream velocity of 12 m/s and a temperature of 25°C 
moves in cross flow over the elements, which have a 
diameter of 12 mm, a length of 250 mm, and are main- 
tained at a surface temperature of 350°C. 


a Problems 


Heating elements, 7, = 350°C 
D=12mm 


Terminal 
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(a) Determine the total heat transfer to the air and the 
temperature of the air leaving the duct heater. 


(b) Determine the pressure drop across the element 
bank and the fan power requirement. 


(c) Compare the average convection coefficient obtained 
in your analysis with the value for an isolated 
(single) element. Explain the difference between 
the results. 


(d) What effect would increasing the longitudinal and 
transverse pitches to 30 mm have on the exit tem- 
perature of the air, the total heat rate, and the pres- 
sure drop? 


A tube bank uses an aligned arrangement of 30-mm- 
diameter tubes with S$; = S, = 60 mm and a tube length 
of 1m. There are 10 tube rows in the flow direction 
(N; = 10) and 7 tubes per row (Nr = 7). Air with 
upstream conditions of T,, = 27°C and V= 15 m/s is 
in cross flow over the tubes, while a tube wall tempera- 
ture of 100°C is maintained by steam condensation 
inside the tubes. Determine the temperature of air leav- 
ing the tube bank, the pressure drop across the bank, 
and the fan power requirement. 


Repeat Problem 7.94, but with N,; = 7, Nr = 10, and 
V = 10.5 m/s. 


Electrical components mounted to each of two isother- 
mal plates are cooled by passing atmospheric air 
between the plates, and an in-line array of aluminum 
pin fins is used to enhance heat transfer to the air. 

The pins are of diameter D = 2mm, length L = 
100mm, and thermal conductivity k = 240 W/m-K. 
The longitudinal and transverse pitches are 
S,=S;=4mm, with a square array of 625 pins 
(N; = N, = 25) mounted to square plates that are each 
of width W= 100mm on a side. Air enters the pin 
array with a velocity of 10m/s and a temperature 
of 300 K. 
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(a) Evaluating air properties at 300 K, estimate the aver- 
age convection coefficient for the array of pin fins. 


(b) Assuming a uniform convection coefficient over 
all heat transfer surfaces (plates and pins), use 
the result of part (a) to determine the air outlet tem- 
perature and total heat rate when the plates are 
maintained at 350 K. Hint: The air outlet tempera- 
ture is governed by an exponential relation of the 
form [(T, —T,)/(T,— T,)] = exp (hAm,)/incy], where 
m = pVLN,S; is the mass flow rate of air passing 
through the array, A, is the total heat transfer sur- 
face area (plates and fins), and 7, is the overall 
surface efficiency defined by Equation 3.107. 


Consider the chip cooling scheme of Problem 3.146, 
but with an insulated top wall placed at the pin tips to 
force airflow across the pin array. Air enters the array at 
20°C and with a velocity V that may be varied but can- 
not exceed 10 m/s due to pressure drop considerations. 
The pin fin geometry, which includes the number of 
pins in the N X N square array, as well as the pin diam- 
eter D, and length L,, may also be varied, subject to the 
constraint that the product ND, not exceed 9mm. 
Neglecting heat transfer through the board, assess the 
effect of changes in air velocity, and hence h,, as well 
as pin fin geometry, on the air outlet temperature and 
the chip heat rate, if the remaining conditions of Prob- 
lems 3.146 and 3.27, including a maximum allowable 
chip temperature of 75°C, remain in effect. Recom- 
mend design and operating conditions for which chip 
cooling is enhanced. Hint: The air outlet temperature 
is governed by a relation of the form [(7, — T,)/ 
(T, — T))] = exp[—(hA.n,)/mc,], where m is the mass 
flow rate of air passing through the array, A, is the total 
heat transfer surface area (chip and pins), and 7, is the 
overall surface efficiency defined by Equation 3.107. 


An air-cooled steam condenser is operated with air in 
cross flow over a square, in-line array of 400 tubes 
(N,; = Nr = 20), with an outside tube diameter of 20 mm 
and longitudinal and transverse pitches of S$; = 60 mm 
and S$; = 30mm, respectively. Saturated steam at a 
pressure of 2.455 bars enters the tubes, and a uniform 
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tube outer surface temperature of T, = 390 K may be 
assumed to be maintained as condensation occurs within 
the tubes. 


(a) If the temperature and velocity of the air upstream 
of the array are T; = 300 K and V = 4m/s, what is 
the temperature T, of the air that leaves the array? 
As a first approximation, evaluate the properties of 
air at 300 K. 


If the tubes are 2m long, what is the total heat 
transfer rate for the array? What is the rate at 
which steam is condensed in kg/s? 


(b 


YS 


(c)| Assess the effect of increasing N, by a factor of 2, 


while reducing S; to 30 mm. For this configuration, 
explore the effect of changes in the air velocity. 


Impinging Jets 


7.99 Heating and cooling with miniature impinging jets has 


been proposed for numerous applications. For a single 
round jet, determine the minimum jet diameter for 
which Equation 7.62 may be applied for air at atmos- 
pheric pressure (a) at T, = 0°C and (b) at T, = 500°C. 


7.100 A circular transistor of 10-mm diameter is cooled by 


7.101 


impingement of an air jet exiting a 2-mm-diameter 
round nozzle with a velocity of 20 m/s and a tempera- 
ture of 15°C. The jet exit and the exposed surface of 
the transistor are separated by a distance of 10 mm. 


Air jet 


Transistor 


If the transistor is well insulated at all but its exposed 
surface and the surface temperature is not to exceed 
85°C, what is the transistor’s maximum allowable 
operating power? 


A long rectangular plate of AISI 304 stainless steel is ini- 
tially at 1200 K and is cooled by an array of slot jets (see 
Figure 7.17). The nozzle width and pitch are W = 10 mm 
and S = 100mm, respectively, and the nozzle-to-plate 
separation is H = 200mm. The plate thickness and 
width are t= 8mm and L = 1m, respectively. If air 


exits the nozzles at a temperature of 400 K and a velocity 
of 30 m/s, what is the initial cooling rate of the plate? 


7.102 A cryogenic probe is used to treat cancerous skin 


tissue. The probe consists of a single round jet of 
diameter D, = 2 mm that issues from a nozzle concen- 
trically situated within a larger, enclosed cylindrical 
tube of outer diameter D, = 15mm. The wall thick- 
ness of the AISI 302 stainless steel probe is t = 2mm, 
and the separation distance between the nozzle and the 
inner surface of the probe is H = 5 mm. 


+——— Cryogenic 
probe 


Cancerous 
tissue 


Assuming the cancerous skin tissue to be a semi- 
infinite medium with k, = 0.20 W/m: K and T, = 37°C 
far from the probe location, determine the surface tem- 
perature 7,. Neglect the contact resistance between the 
probe and the tissue. Cold nitrogen exits the jet at 
T, = 100K, V. = 20m/s. Hint: Due to the probe 
walls, the jet is confined and behaves as if it were one 
in an array such as in Figure 7.18c. 


7.103 Air at 10 m/s and 15°C is used to cool a square hot 


molded plastic plate 0.5 m to a side having a surface 
temperature of 140°C. To increase the throughput of 
the production process, it is proposed to cool the plate 
using an array of slotted nozzles with width and pitch 
of 4mm and 56mm, respectively, and a nozzle-to- 
plate separation of 40 mm. The air exits the nozzle at a 
temperature of 15°C and a velocity of 10 m/s. 


(a) Determine the improvement in cooling rate that 
can be achieved using the slotted nozzle arrange- 
ment in lieu of turbulated air at 10 m/s and 15°C in 
parallel flow over the plate. 


(b) Would the heat rates for both arrangements change 
significantly if the air velocities were increased by 
a factor of 2? 


(c) What is the air mass rate requirement for the slot- 
ted nozzle arrangement? 
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a Problems 


Consider Problem 7.103, in which the improvement in 
performance of slot-jet cooling over parallel-flow 
cooling was demonstrated. Design an optimal round 
nozzle array, using the same air jet velocity and tem- 
perature, 10 m/s and 15°C, respectively, and compare 
the cooling rates and supply air requirements. Discuss 
the features associated with each of the three methods 
relevant to selecting one for this application of cooling 
the plastic part. 


Consider the plasma spraying process of Problems 
5.25 and 7.82. For a nozzle exit diameter of D = 
10 mm and a substrate radius of r = 25 mm, estimate 
the rate of heat transfer by convection q,,n, from the 
argon plasma to the substrate, if the substrate tempera- 
ture is maintained at 300 K. Energy transfer to the sub- 
strate is also associated with the release of latent heat 
dia» Which occurs during solidification of the impacted 
molten droplets. If the mass rate of droplet impinge- 
ment is m, = 0.02 kg/s:m’, estimate the rate of latent 
heat release. 


You have been asked to determine the feasibility of 
using an impinging jet in a soldering operation for 
electronic assemblies. The schematic illustrates the use 
of a single, round nozzle to direct high-velocity, hot 
air to a location where a surface mount joint is to be 
formed. 


Surface-mount region (solder joint) 


; Printed-circuit 
board (PCB) 


For your study, consider a round nozzle with a diame- 
ter of 1 mm located a distance of 2 mm from the region 
of the surface mount, which has a diameter of 2.5 mm. 


(a) For an air jet velocity of 70 m/s and a temperature 
of 500°C, estimate the average convection coeffi- 
cient over the area of the surface mount. 


(b 


YS 


Assume that the surface mount region on the 
printed circuit board (PCB) can be modeled as 
a semi-infinite medium, which is initially at a 
uniform temperature of 25°C and suddenly expe- 
riences convective heating by the jet. Estimate 
the time required for the surface to reach 183°C. 
The thermophysical properties of a typical solder 
are p = 8333 kg/m’, c, = 188 J/kg-K, and k = 
51 W/m-K. 
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(c)| For each of three air jet temperatures of 500, 600, 


and 700°C, calculate and plot the surface tempera- 
ture as a function of time for 0 =¢ = 150s. On 
this plot, identify important temperature limits for 
the soldering process: the lower limit correspond- 
ing to the solder’s eutectic temperature, T,,) = 
183°C, and the upper limit corresponding to the 
glass transition temperature, T,; = 250°C, at which 
the PCB becomes plastic. Comment on the out- 
come of your study, the appropriateness of the 
assumptions, and the feasibility of using the jet for 
a soldering application. 


Packed Beds 


7.107 


7.108 


Consider the packed bed of aluminum spheres 
described in Problem 5.12 under conditions for which 
the bed is charged by hot air with an inlet velocity of 
V = 1m/s and temperature of T,; = 300°C, but for 
which the convection coefficient is not prescribed. If 
the porosity of the bed is e = 0.40 and the initial tem- 
perature of the spheres is T; = 25°C, how long does it 
take a sphere near the inlet of the bed to accumulate 
90% of its maximum possible energy? 


The use of rock pile thermal energy storage systems 
has been considered for solar energy and industrial 
process heat applications. A particular system involves 
a cylindrical container, 2 m long by | m in diameter, in 
which nearly spherical rocks of 0.03-m diameter are 
packed. The bed has a void space of 0.42, and the den- 
sity and specific heat of the rock are p = 2300 kg/m? 
and c, = 879 J/kg-K, respectively. Consider condi- 
tions for which atmospheric air is supplied to the rock 
pile at a steady flow rate of 1 kg/s and a temperature 
of 90°C. The air flows in the axial direction through 
the container. If the rock is at a temperature of 25°C, 
what is the total rate of heat transfer from the air to the 
rock pile? 


7.109 The cylindrical chamber of a pebble bed nuclear reac- 


tor is of length L = 10m, and diameter D = 3m. 
The chamber is filled with spherical uranium oxide pel- 
lets of core diameter D, = 50 mm. Each pellet gener- 
ates thermal energy in its core at a rate of E, and is 
coated with a layer of non-heat-generating graphite, 
which is of uniform thickness 6 = 5mm, to form a 
pebble. The uranium oxide and graphite each have 
a thermal conductivity of 2W/m-K. The packed bed 
has a porosity of ¢ = 0.4. Pressurized helium at 40 bars 
is used to absorb the thermal energy from the pebbles. 
The helium enters the packed bed at 7; = 450°C 
with a velocity of 3.2m/s. The properties of the 
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helium may be assumed to be c, = 5193 J/kg:K, 
k = 0.3355 W/m:K, p = 2.1676 kg/m*, ws = 4.214 x 
107° kg/s:m, Pr = 0.654. 


(a) For a desired overall thermal energy transfer rate 
of g = 125 MW, determine the mean outlet tem- 
perature of the helium leaving the bed, 7,, and the 


amount of thermal energy generated by each 
pellet, E,. 


(b) The amount of energy generated by the fuel 
decreases if a maximum operating temperature of 
approximately 2100°C is exceeded. Determine the 
maximum internal temperature of the hottest pellet 
in the packed bed. For Reynolds numbers in the 
range 4000 = Rep = 10,000, Equation 7.72 may 
be replaced by ej; = 2.876 Rep! + 0.3023 Rep. 


7.110 Latent heat capsules consist of a thin-walled spherical 
shell within which a solid-liquid, phase-change mate- 
rial (PCM) of melting point 7, and latent heat of 
fusion hy is enclosed. As shown schematically, the 
capsules may be packed in a cylindrical vessel through 
which there is fluid flow. If the PCM is in its solid 
state and T,,, < 7;, heat is transferred from the fluid to 
the capsules and latent energy is stored in the PCM as it 
melts. Conversely, if the PCM is a liquid and T,,, > T;, 
energy is released from the PCM as it freezes and heat 
is transferred to the fluid. In either situation, all of the 
capsules within the packed bed would remain at T,,, 
through much of the phase change process, in which 
case the fluid outlet temperature would remain at a 
fixed value T,,. 


Capsule Phase-change 


material 
Pr Tryps Ig 


Shell, D, 


Containment 
vessel, D, 
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Consider an application for which air at atmospheric 
pressure is chilled by passing it through a packed bed 
(e = 0.5) of capsules (D,= 50mm) containing an 
organic compound with a melting point of T,,,, = 4°C. 
The air enters a cylindrical vessel (L, = D, = 0.40 m) 
at T; = 25°C and V = 1.0 m/s. 


(a) If the PCM in each capsule is in the solid state at 
Tp AS melting occurs within the capsule, what is 
the outlet temperature of the air? If the density and 
latent heat of fusion of the PCM are p= 
1200 kg/m? and hy = 165 kJ/kg, what is the mass 
rate (kg/s) at which the PCM is converted from 
solid to liquid in the vessel? 


(b) |Explore the effect of the inlet air velocity and cap- 


sule diameter on the outlet temperature. 


(c) At what location in the vessel will complete melt- 
ing of the PCM in a capsule first occur? Once 
complete melting begins to occur, how will the 
outlet temperature vary with time and what is its 
asymptotic value? 


The porosity of a packed bed can be decreased by vibrat- 
ing the containment vessel as the vessel is filled with the 
particles. The vibration promotes particle settling. 


(a) Consider the air chilling process of Problem 

7.110a. Determine the outlet air temperature T, 
and mass rate at which the PCM is melted for 
e = 0.30. Assume the total mass of PCM and the 
mass flow rate of air are unchanged. The length of 
the containment vessel L,, is decreased to compen- 


sate for the reduced porosity. 


(b) Determine 7, and the PCM melting rate for the 
case where the diameter of the containment vessel 
D,, is decreased to compensate for the reduced 
porosity. Which containment vessel configuration 
is preferred? 


Consider the packed bed (¢ = 0.5) of latent heat cap- 
sules (D. = 50 mm) described in Problem 7.110, but 
now for an application in which ambient air is to be 
heated by passing it through the bed. In this case the 
capsules contain an organic compound with a melting 
point of T,,,, = 50°C, and the air enters the vessel 

(L, = D, = 0.40 m) at T; = 20°C and V = 1.0 m/s. 

(a) If the PCM in each capsule is in the liquid state at 
Tp a8 solidification occurs within the capsule, what 
is the outlet temperature of the air? If the density and 
latent heat of fusion of the PCM are p = 900 kg/m? 
and hy = 200 kJ/kg, what is the mass rate (kg/s) at 
which the PCM is converted from liquid to solid in 
the vessel? 


(b) |Explore the effect of the inlet air velocity and cap- 


sule diameter on the outlet temperature. 
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(c) At what location in the vessel will complete freez- 
ing of the PCM in a capsule first occur? Once 
complete freezing begins to occur, how will the 
outlet temperature vary with time and what is its 
asymptotic value? 


Packed beds of spherical particles can be sintered at high 
temperature to form permeable, rigid foams. A foam 
sheet of thickness t = 10mm is comprised of sintered 
bronze spheres, each of diameter D = 0.6 mm. The metal 
foam has a porosity of ¢ = 0.25, and the foam sheet fills 
the cross section of an L = 40 mm X W = 40 mm wind 
tunnel. The upper and lower surfaces of the foam are at 
temperatures T, = 80°C, and the two other foam edges 
(the front edge shown in the schematic and the corre- 
sponding back edge) are insulated. Air flows in the wind 
tunnel at an upstream temperature and velocity of 
T, = 20°C and V = 10 m/s, respectively. 


Unsintered spheres 


Sintered spheres 
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(a) Assuming the foam is at a uniform temperature T,, 
estimate the convection heat transfer rate to the 
air. Do you expect the actual heat transfer rate to 
be equal to, less than, or greater than your esti- 
mated value? 


(b) Assuming one-dimensional conduction in the x- 
direction, use an extended surface analysis to esti- 
mate the heat transfer rate to the air. To do so, 
show that the effective perimeter associated with 
Equation 3.70 is P.. = A, ,/L. Determine the effec- 
tive thermal conductivity of the foam k.- by using 
Equation 3.25. Do you expect the actual heat 
transfer rate to be equal to, less than, or greater 
than your estimated value? 
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Hi. acquired the means to compute convection transfer rates for external flow, we 
now consider the convection transfer problem for internal flow. Recall that an external flow 
is one for which boundary layer development on a surface is allowed to continue without 
external constraints, as for the flat plate of Figure 6.4. In contrast, an internal flow, such as 
flow in a pipe, is one for which the fluid is confined by a surface. Hence the boundary layer 
is unable to develop without eventually being constrained. The internal flow configuration 
represents a convenient geometry for heating and cooling fluids used in chemical process- 
ing, environmental control, and energy conversion technologies. 

Our objectives are to develop an appreciation for the physical phenomena associated 
with internal flow and to obtain convection coefficients for flow conditions of practical 
importance. As in Chapter 7, we will restrict attention to problems of low-speed, forced 
convection with no phase change occurring in the fluid. We begin by considering velocity 
(hydrodynamic) effects pertinent to internal flows, focusing on certain unique features of 
boundary layer development. Thermal boundary layer effects are considered next, and an 
overall energy balance is applied to determine fluid temperature variations in the flow 
direction. Finally, correlations for estimating the convection heat transfer coefficient are 
presented for a variety of internal flow conditions. 


6.1 Hydrodynamic Considerations 


When considering external flow, it is necessary to ask only whether the flow is laminar or 
turbulent. However, for an internal flow we must also be concerned with the existence of 
entrance and fully developed regions. 


8.1.1 Flow Conditions 


Consider laminar flow in a circular tube of radius r, (Figure 8.1), where fluid enters the 
tube with a uniform velocity. We know that when the fluid makes contact with the surface, 
viscous effects become important, and a boundary layer develops with increasing x. This 
development occurs at the expense of a shrinking inviscid flow region and concludes with 
boundary layer merger at the centerline. Following this merger, viscous effects extend over 


-—Inviscid flow region Boundary layer region 


u(r, x) 


& Hydrodynamic entrance region Fully developed region > 
x 


Ficure 8.1 Laminar, hydrodynamic boundary layer development in a circular tube. 
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the entire cross section and the velocity profile no longer changes with increasing x. The 
flow is then said to be fully developed, and the distance from the entrance at which this con- 
dition is achieved is termed the hydrodynamic entry length, x;4,. AS Shown in Figure 8.1, 
the fully developed velocity profile is parabolic for laminar flow in a circular tube. For tur- 
bulent flow, the profile is flatter due to turbulent mixing in the radial direction. 

When dealing with internal flows, it is important to be cognizant of the extent of the 
entry region, which depends on whether the flow is laminar or turbulent. The Reynolds 
number for flow in a circular tube is defined as 


= (8.1) 


where u,, is the mean fluid velocity over the tube cross section and D is the tube diameter. 
In a fully developed flow, the critical Reynolds number corresponding to the onset of turbu- 
lence is 


Rep. = 2300 (8.2) 


although much larger Reynolds numbers (Rep ~ 10,000) are needed to achieve fully turbu- 
lent conditions. The transition to turbulence is likely to begin in the developing boundary 
layer of the entrance region. 

For laminar flow (Rep < 2300), the hydrodynamic entry length may be obtained from 
an expression of the form [1] 


x; 1 
( _ \_- 0.05 Rep (8.3) 


This expression is based on the presumption that fluid enters the tube from a rounded con- 
verging nozzle and is hence characterized by a nearly uniform velocity profile at the 
entrance (Figure 8.1). Although there is no satisfactory general expression for the entry 
length in turbulent flow, we know that it is approximately independent of Reynolds number 
and that, as a first approximation [2], 


Xan 
10s - = 60 8.4 
( D ).. ( 


For the purposes of this text, we shall assume fully developed turbulent flow for 
(x/D) > 10. 


8.1.2 The Mean Velocity 


Because the velocity varies over the cross section and there is no well-defined free stream, 
it is necessary to work with a mean velocity u,, when dealing with internal flows. This 
velocity is defined such that, when multiplied by the fluid density p and the cross-sectional 
area of the tube A,, it provides the rate of mass flow through the tube. Hence 


M = PUpyA- (8.5) 
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For steady, incompressible flow in a tube of uniform cross-sectional area, m and u,, are con- 
stants independent of x. From Equations 8.1 and 8.5 it is evident that, for flow in a circular 
tube (A, = 77D7/4), the Reynolds number reduces to 


(8.6) 


Since the mass flow rate may also be expressed as the integral of the mass flux (pu) 
over the cross section 


m= i pu(r, x) dA, (8.7) 
A. 
it follows that, for incompressible flow in a circular tube, 


- Sa, pu(r, x) dA, _ 2717p (8.8) 


m pA. pur> 


ie ordr=2 | ‘U(r, x)r dr 
r, 40 


0 


The foregoing expression may be used to determine u,, at any axial location x from knowledge 
of the velocity profile u(r) at that location. 


$.1.3 Velocity Profile in the Fully Developed Region 


The form of the velocity profile may readily be determined for the laminar flow of an 
incompressible, constant property fluid in the fully developed region of a circular tube. 
An important feature of hydrodynamic conditions in the fully developed region is that both 
the radial velocity component v and the gradient of the axial velocity component (du/dx) 
are everywhere zero. 


_ Ju) _ 
v=0 and (2) =0 (8.9) 


Hence the axial velocity component depends only on 1, u(x, r) = u(7). 

The radial dependence of the axial velocity may be obtained by solving the appropriate 
form of the x-momentum equation. This form is determined by first recognizing that, for 
the conditions of Equation 8.9, the net momentum flux is everywhere zero in the fully 
developed region. Hence the momentum conservation requirement reduces to a simple bal- 
ance between shear and pressure forces in the flow. For the annular differential element of 
Figure 8.2, this force balance may be expressed as 


T,(2ar dx) — {r (2arr dx) + < [7,(27r dx)] i 
r 


+ p(2ar dr) — {pom dr) + < [p(27r dr)} a =0 
Ix 
which reduces to 


ey en ee 
c i=? cx (8.10) 
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FIGURE 8.2 Force balance on a differential element for laminar, fully 
developed flow in a circular tube. 


With y = r, — r, Newton’s law of viscosity, Equation 6S.10, assumes the form 


du 


= 7 ll 
T= pT (8.11) 
and Equation 8.10 becomes 
M d(_du\_ 4 
r 4, tn) dx oa) 


Since the axial pressure gradient is independent of r, Equation 8.12 may be solved by 
integrating twice to obtain 
dp \ 2 
pau — L ele eA 


dr F\dx/]2 


and 


dp\ ,2 
u(r) = L(@\r + C,Inr+C, 


The integration constants may be determined by invoking the boundary conditions 


ou 


u(r,) = 0 and a 


=0 


r=0 


which, respectively, impose the requirements of zero slip at the tube surface and radial symme- 
try about the centerline. It is a simple matter to evaluate the constants, and it follows that 


__ 1/4) 1,_(r/ 
u(r) = £(2)ali (x) | (8.13) 


Hence the fully developed velocity profile is parabolic, as illustrated in Figure 8.2. Note 
that the pressure gradient must always be negative. 

The foregoing result may be used to determine the mean velocity of the flow. Substitut- 
ing Equation 8.13 into Equation 8.8 and integrating, we obtain 


_ 1 ap 
m Su dx 


(8.14) 
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Substituting this result into Equation 8.13, the velocity profile is then 


u(r) ; 
i = A = (x) | (8.15) 


Since u,, can be computed from knowledge of the mass flow rate, Equation 8.14 can be 
used to determine the pressure gradient. 


8.1.4 Pressure Gradient and Friction Factor 
in Fully Developed Flow 


The engineer is frequently interested in the pressure drop needed to sustain an internal flow 
because this parameter determines pump or fan power requirements. To determine the pres- 
sure drop, it is convenient to work with the Moody (or Darcy) friction factor, which is a 
dimensionless parameter defined as 


—(dp/ldx)D 


= pu>/2 


(8.16) 


This quantity is not to be confused with the friction coefficient, sometimes called the Fan- 
ning friction factor, which is defined as 


T, 
C= — 8.17 
pu>/2 
Since T, = —p(du/dr),—,, it follows from Equation 8.13 that 
f 
Cr=— 8.18 
a (8.18) 


Substituting Equations 8.1 and 8.14 into 8.16, it follows that, for fully developed 
laminar flow, 


Oe 


eae (8.19) 


For fully developed turbulent flow, the analysis is much more complicated, and we 
must ultimately rely on experimental results. In addition to depending on the Reynolds 
number, the friction factor is a function of the tube surface condition and increases with 
surface roughness e. Measured friction factors covering a wide range of conditions have 
been correlated by Colebrook [3, 4] and are described by the transcendental expression 


1 AD» As 
== = —2.0)los|| = 5 8.20 
Vi oe 281,| ) 


A correlation for the smooth surface condition that encompasses a large Reynolds number 
range has been developed by Petukhov [5] and is of the form 


f= (0.790 In Rey — 1.64)? 3000 S Rey <5 X 10° (8.21) 


Equations 8.19 and 8.20 are plotted in the Moody diagram of Figure 8.3. 
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Ficure 8.3 _ Friction factor for fully developed flow in a circular tube [6]. Used with permission. 


Note that f/ hence dp/dx, is a constant in the fully developed region. From Equation 8.16 
the pressure drop Ap = p, — p> associated with fully developed flow from the axial position 
x, to x, may then be expressed as 


Pa un {* Un 
Ap=-| dp= ie | dx = i (x) — x) (8.22a) 


Pi 


where f is obtained from Figure 8.3 or from Equation 8.19 for laminar flow and from 
Equation 8.20 or 8.21 for turbulent flow. The pump or fan power required to overcome the 
resistance to flow associated with this pressure drop may be expressed as 


P=(ApW (8.22b) 


where the volumetric flow rate V may, in turn, be expressed as V = mip for an incompress- 
ible fluid. 


8.2 Thermal Considerations 


Having reviewed the fluid mechanics of internal flow, we now consider thermal effects. 
If fluid enters the tube of Figure 8.4 at a uniform temperature 7(r, 0) that is less than the 
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Surface condition 
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FicurE 8.4 Thermal boundary layer development in a heated circular tube. 


surface temperature, convection heat transfer occurs and a thermal boundary layer begins 
to develop. Moreover, if the tube surface condition is fixed by imposing either a uniform 
temperature (T, is constant) or a uniform heat flux (q/ is constant), a thermally fully devel- 
oped condition is eventually reached. The shape of the fully developed temperature profile 
T(r, x) differs according to whether a uniform surface temperature or heat flux is main- 
tained. For both surface conditions, however, the amount by which fluid temperatures 
exceed the entrance temperature increases with increasing x. 
For laminar flow the thermal entry length may be expressed as [2] 


Ntd,t 


(7) = 0.05 Rep Pr (8.23) 


Comparing Equations 8.3 and 8.23, it is evident that, if Pr > 1, the hydrodynamic bound- 
ary layer develops more rapidly than the thermal boundary layer (%j4,, < x;a,), while the 
inverse is true for Pr < 1. For large Prandtl number fluids such as oils, x;4), is much smaller 
than x;,, and it is reasonable to assume a fully developed velocity profile throughout the 
thermal entry region. In contrast, for turbulent flow, conditions are nearly independent of 
Prandtl number, and to a first approximation, we shall assume (x,4,/D) = 10. 

Thermal conditions in the fully developed region are characterized by several interest- 
ing and useful features. Before we can consider these features (Section 8.2.3), however, it 
is necessary to introduce the concept of a mean temperature and the appropriate form of 
Newton’s law of cooling. 


$.2.1 The Mean Temperature 


Just as the absence of a free stream velocity requires use of a mean velocity to describe an 
internal flow, the absence of a fixed free stream temperature necessitates using a mean (or 
bulk) temperature. To provide a definition of the mean temperature, we begin by returning 
to Equation 1.12e: 


g = mce,(Tox — Tin) (1.12e) 
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Recall that the terms on the right-hand side represent the thermal energy for an incompress- 
ible liquid or the enthalpy (thermal energy plus flow work) for an ideal gas, which is car- 
ried by the fluid. In developing this equation, it was implicitly assumed that the temperature 
was uniform across the inlet and outlet cross-sectional areas. In reality, this is not true if 
convection heat transfer occurs, and we define the mean temperature so that the term 
mc,T,, is equal to the true rate of thermal energy (or enthalpy) advection integrated over the 
cross section. This true advection rate may be obtained by integrating the product of mass 
flux (pu) and the thermal energy (or enthalpy) per unit mass, c,7, over the cross section. 
Therefore, we define 7,, from 


m 


p*ym 


mc, 7, =f puc,TdA.. (8.24) 
A, 


or 


For flow in a circular tube with constant p and c 


'»» it follows from Equations 8.5 and 
8.25 that 


T= = ‘uTrdr (8.26) 
0 


It is important to note that, when multiplied by the mass flow rate and the specific heat, T,, 
provides the rate at which thermal energy (or enthalpy) is advected with the fluid as it 
moves along the tube. 


8.2.2 Newton’s Law of Cooling 


The mean temperature T7,, is a convenient reference temperature for internal flows, playing 
much the same role as the free stream temperature 7,, for external flows. Accordingly, 
Newton’s law of cooling may be expressed as 


Goa ihe =.) (8.27) 


where /1 is the local convection heat transfer coefficient. However, there is an essential dif- 
ference between 7,, and T,,. Whereas T., is constant in the flow direction, 7,, must vary in 
this direction. That is, d7,,/dx is never zero if heat transfer is occurring. The value of 7,, 
increases with x if heat transfer is from the surface to the fluid (7, > T,,,); it decreases with x 
if the opposite is true (7, < T,,). 


8.2.3 Fully Developed Conditions 


Since the existence of convection heat transfer between the surface and the fluid dictates 
that the fluid temperature must continue to change with x, one might legitimately question 
whether fully developed thermal conditions can ever be reached. The situation is certainly 
different from the hydrodynamic case, for which (du/dx) = 0 in the fully developed region. 
In contrast, if there is heat transfer, (dT,,,/dx), as well as (0T/ox) at any radius r, is not zero. 


nN 
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Accordingly, the temperature profile 7(r) is continuously changing with x, and it would 
seem that a fully developed condition could never be reached. This apparent contradiction 
may be reconciled by working with a dimensionless form of the temperature, as was done 
for transient conduction (Chapter 5) and the energy conservation equation (Chapter 6). 

Introducing a dimensionless temperature difference of the form (7, — T)/(T, — T,,,), 
conditions for which this ratio becomes independent of x are known to exist [2]. That is, 
although the temperature profile 7(r) continues to change with x, the relative shape of the 
profile no longer changes and the flow is said to be thermally fully developed. The require- 
ment for such a condition is formally stated as 


0 T(x) _ T(r, x) _ 
Ox GS te ean . (8.28) 


where 7, is the tube surface temperature, T is the local fluid temperature, and T,,, is the mean 
temperature of the fluid over the cross section of the tube. 

The condition given by Equation 8.28 is eventually reached in a tube for which there is 
either a uniform surface heat flux (q’ is constant) or a uniform surface temperature (T, 
is constant). These surface conditions arise in many engineering applications. For example, 
a constant surface heat flux would exist if the tube wall were heated electrically or if the 
outer surface were uniformly irradiated. In contrast, a constant surface temperature would 
exist if a phase change (due to boiling or condensation) were occurring at the outer surface. 
Note that it is impossible to simultaneously impose the conditions of constant surface heat 
flux and constant surface temperature. If qg! is constant, T, must vary with x; conversely, if 
T, is constant, g? must vary with x. 

Several important features of thermally developed flow may be inferred from Equation 
8.28. Since the temperature ratio is independent of x, the derivative of this ratio with 
respect to r must also be independent of x. Evaluating this derivative at the tube surface 
(note that 7, and T,, are constants insofar as differentiation with respect to r is concerned), 


we then obtain 
af( 1,-7T 
or T, ~~ i 


Substituting for dT/dr from Fourier’s law, which, from Figure 8.4, is of the form 


—JOTI0r\,-=, 
= -# 
—, TT, Sf) 


q'= por 


_ aT 
: ay k 


y=0 or 


rT 


and for gj from Newton’s law of cooling, Equation 8.27, we obtain 
h 
k # f(x) (8.29) 


Hence in the thermally fully developed flow of a fluid with constant properties, the local 
convection coefficient is a constant, independent of x. 

Equation 8.28 is not satisfied in the entrance region, where h varies with x, as shown in 
Figure 8.5. Because the thermal boundary layer thickness is zero at the tube entrance, the 
convection coefficient is extremely large at x = 0. However, h decays rapidly as the thermal 
boundary layer develops, until the constant value associated with fully developed conditions 
is reached. 
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Neg 


0 ,  FicurE 8.5 Axial variation of the convection heat transfer 


) Xta,t coefficient for flow in a tube. 


Additional simplifications are associated with the special case of uniform surface heat 
flux. Since both A and g{ are constant in the fully developed region, it follows from 
Equation 8.27 that 


dT, 
dx 


aT 


_ m 


fd,t dx 


qd, = constant (8.30) 
fdr 


If we expand Equation 8.28 and solve for d7/dx, it also follows that 


ar) dt) Gat) . © Tas, aa 
OX \tar AX |tar (Ty — Ty) dx \tae (Ty — Tin) dX | tat , 
Substituting from Equation 8.30, we then obtain 
oT dT, 
—| = ” = constant 8.32 
OX \tar dX Ita - eS 


Hence the axial temperature gradient is independent of the radial location. For the case of 
constant surface temperature (dT,/dx = 0), it also follows from Equation 8.31 that 


oT 
Ox 


oe er Se 
tar (T,—T,,) dx 


T, = constant (8.33) 


fd,t 


in which case the value of dT/dx depends on the radial coordinate. 

From the foregoing results, it is evident that the mean temperature is a very important 
variable for internal flows. To describe such flows, its variation with x must be known. This 
variation may be obtained by applying an overall energy balance to the flow, as will be 
shown in the next section. 


EXAMPLE 8.1 


For flow of a liquid metal through a circular tube, the velocity and temperature profiles at a 
particular axial location may be approximated as being uniform and parabolic, respectively. 
That is, u(r) = C, and T(r) — T, = C,[1 — (r/r,)"], where C, and C, are constants. What is 
the value of the Nusselt number Nup at this location? 
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SOLUTION 


Known: Form of the velocity and temperature profiles at a particular axial location for 
flow in a circular tube. 


Find: Nusselt number at the prescribed location. 
Schematic: 


u(r) = Cy 


yr 
Yo t Velocity 
- profile 


— 
et Temperature 
profile 


Tr) -T, = CA 1 - (| 
Assumptions: Incompressible, constant property flow. 


Analysis: The Nusselt number may be obtained by first determining the convection coeffi- 
cient, which, from Equation 8.27, is given as 


From Equation 8.26, the mean temperature is 


a 2 if, So 2C, r, ; 2 
T,, = 7g I uTr dr = 7 ii {r + of = (:) |e 


mM Oo 
or, since u,, = C, from Equation 8.8, 


2 GE (@ G 
eee ee Aare 
To 


The heat flux may be obtained from Fourier’s law, in which case 


ne oT sae r _ _ k 
GakS | = hCG) = —2Crze 
Hence 
h —_ q _ —2C,(k/r,) _ Ak 


I = sa —C,/2 Yo 
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and 


_ AD _ (4kiry) X 27, 


< 
k k . 


Nup 


6.3 The Energy Balance 


8.3.1 General Considerations 


Because the flow in a tube is completely enclosed, an energy balance may be applied to 
determine how the mean temperature T,,(x) varies with position along the tube and how the 
total convection heat transfer g,,,, is related to the difference in temperatures at the tube 
inlet and outlet. Consider the tube flow of Figure 8.6. Fluid moves at a constant flow rate m, 
and convection heat transfer occurs at the inner surface. Typically, it will be reasonable to 
make one of the four assumptions in Section 1.3 that leads to the simplified steady-flow 
thermal energy equation, Equation 1.12e. For example, it is often the case that viscous dis- 
sipation is negligible (see Problem 8.10) and that the fluid can be modeled as either an 
incompressible liquid or an ideal gas with negligible pressure variation. In addition, it is 
usually reasonable to neglect net heat transfer by conduction in the axial direction, so the 
heat transfer term in Equation 1.12e includes only ¢,,n,. Therefore, Equation 1.12e may be 
written in the form 


conv — en Ole a ih) (8.34) 


for a tube of finite length. This simple overall energy balance relates three important thermal 
variables (Gconv» Dinos Lnj)- It is a general expression that applies irrespective of the nature of 
the surface thermal or tube flow conditions. 

Applying Equation 1.12e to the differential control volume of Figure 8.6 and recalling 
that the mean temperature is defined such that on represents the true rate of thermal 


energy (or enthalpy) advection integrated over the cross section, we obtain 
OO sang = me,l(T, a dT,,,) > so) (8.35) 
or 


AGeony = MCAT y (8.36) 


A cony = qyP dx 


I 
I 
—— ipa cu == 
I 
I 


0 6 FicuRE 8.6 Control volume for internal 
Inlet, 7 Outlet, o flow in a tube. 
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Equation 8.36 may be cast in a convenient form by expressing the rate of convection 
heat transfer to the differential element as dq,,,, = qP dx, where P is the surface perimeter 
(P = wD for a circular tube). Substituting from Equation 8.27, it follows that 


Ee) (8.37) 
iC 


This expression is an extremely useful result, from which the axial variation of T,,, may be 
determined. If 7, > T,,, heat is transferred to the fluid and T,, increases with x; if T, < T,,, 
the opposite is true. 

The manner in which quantities on the right-hand side of Equation 8.37 vary with x 
should be noted. Although P may vary with x, most commonly it is a constant (a tube of 
constant cross-sectional area). Hence the quantity (P/mc,) is a constant. In the fully devel- 
oped region, the convection coefficient h is also constant, although it decreases with x in 
the entrance region (Figure 8.5). Finally, although 7, may be constant, 7,, must always vary 
with x (except for the trivial case of no heat transfer, T, = T,,). 

The solution to Equation 8.37 for T,,(x) depends on the surface thermal condition. 
Recall that the two special cases of interest are constant surface heat flux and constant sur- 
face temperature. It is common to find one of these conditions existing to a reasonable 
approximation. 


8.3.2 Constant Surface Heat Flux 


For constant surface heat flux we first note that it is a simple matter to determine the total 
heat transfer rate g,,,,,. Since q7 is independent of x, it follows that 


Gio Ge 2k) (3:38) 


This expression could be used with Equation 8.34 to determine the fluid temperature 
change, Lie _ Leis 


For constant gq it also follows that the middle expression in Equation 8.37 is a constant 
independent of x. Hence 


dT, Ae 
Ain 4" 2 Fy) (8.39) 
dx mc, 
Integrating from x = 0, it follows that 
qsP 
(EAC) Ib soe = — 28 qd, = constant (8.40) 
mc, 


Accordingly, the mean temperature varies linearly with x along the tube (Figure 8.7a). 
Moreover, from Equation 8.27 and Figure 8.5 we also expect the temperature difference 
(T, — T,,) to vary with x, as shown in Figure 8.7a. This difference is initially small (due to 
the large value of h near the entrance) but increases with increasing x due to the decrease in 
h that occurs as the boundary layer develops. However, in the fully developed region we 
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[ Entrance region _ | Fully developed = 


qi = constant T, = constant 


(a) (b) 


Ficure 8.7 Axial temperature variations for heat transfer in a tube. (a) Constant surface 
heat flux. (6) Constant surface temperature. 


know that h is independent of x. Hence from Equation 8.27 it follows that (T, — T,,) must 
also be independent of x in this region. 

It should be noted that, if the heat flux is not constant but is, instead, a known func- 
tion of x, Equation 8.37 may still be integrated to obtain the variation of the mean tem- 
perature with x. Similarly, the total heat rate may be obtained from the requirement that 


dconv — Is qi(x)P dx. 


EXAMPLE 8.2 


A system for heating water from an inlet temperature of T,,; = 20°C to an outlet temper- 
ature of T,,,, = 60°C involves passing the water through a thick-walled tube having 
inner and outer diameters of 20 and 40 mm. The outer surface of the tube is well insu- 
lated, and electrical heating within the wall provides for a uniform generation rate of 
g = 10° Wim’. 
1. For a water mass flow rate of m = 0.1 kg/s, how long must the tube be to achieve the 
desired outlet temperature? 


2. If the inner surface temperature of the tube is T, = 70°C at the outlet, what is the local 
convection heat transfer coefficient at the outlet? 


SOLUTION 


Known: Internal flow through thick-walled tube having uniform heat generation. 


Find: 
1. Length of tube needed to achieve the desired outlet temperature. 
2. Local convection coefficient at the outlet. 
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Schematic: 


g= 10° W/m? 


| Water { D,=40 mm | 


Babel D,= 20 mm 
m= 0.1 kg/s | 


Va Insulation 


>| 
Outlet, 0 


Inlet, 7 


Assumptions: 
1. Steady-state conditions. 
Uniform heat flux. 
. Incompressible liquid and negligible viscous dissipation. 
. Constant properties. 


wp wh 


. Adiabatic outer tube surface. 
Properties: Table A.6, water (T,,, = 313 K): c, = 4179 J/kg: K. 


Analysis: 


1. Since the outer surface of the tube is adiabatic, the rate at which energy is generated 
within the tube wall must equal the rate at which it is convected to the water. 


E. g = conv 
With 


my a © WT ed 2 
E,= G7 (D, — Di)L 
it follows from Equation 8.34 that 
g = (D2 — D?) L=mc,(T,,, — T»,) 
4 oO l Pp m,o M,L 


or 
4mc 
L= —_ 
aD; — D7)q 
_ 4X 0.1. kg/s X 4179 J/kg K 
a(0.04” — 0.027) m? X 10° W/m? 


(Tino Ti) 


(60 — 20)°C = 17.7m < 


2. From Newton’s law of cooling, Equation 8.27, the local convection coefficient at the 
tube exit is 


a” 
qs 
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Assuming that uniform heat generation in the wall provides a constant surface heat 
flux, with 


“— pL 4 Dy 
6 3 2_ 2 2 
"= 10° W/m? (0.04° — 0.02°) m* _ 1.5 104 Wim? 
4 0.02 m 


it follows that 


_ 1.5 X 10* W/m? 
4 (70 — 60)°C 


h = 1500 W/m? K <J 


Comments: 

1. If conditions are fully developed over the entire tube, the local convection coefficient and 
the temperature difference (T, — T,,) are independent of x. Hence h = 1500 W/m?:K 
and (T, — T,,,) = 10°C over the entire tube. The inner surface temperature at the tube inlet 
is then T,; = 30°C. 

2. The required tube length L could have been computed by applying the expression for 
T,,(x), Equation 8.40, at x = L. 


$.3.3 Constant Surface Temperature 


Results for the total heat transfer rate and the axial distribution of the mean temperature are 
entirely different for the constant surface temperature condition. Defining AT as T, — T,,, 
Equation 8.37 may be expressed as 


aT, __4AT)_ P 


h AT 
dx dx mc : 


Separating variables and integrating from the tube inlet to the outlet, 


i P “nd 
oo. SS — X 
ar, AT mc, 40 


or 


1 


AT, PL (! : 
n—“= —-—~|— | hdx 

AT; me, \L Jo 
From the definition of the average convection heat transfer coefficient, Equation 6.9, 
it follows that 


In— = -—h, T, = constant (8.41a) 
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where h,, or simply h, is the average value of h for the entire tube. Rearranging, 


Had we integrated from the tube inlet to some axial position x within the tube, we would 
have obtained the similar, but more general, result that 


where h is now the average value of h from the tube inlet to x. This result tells us that the tem- 
perature difference (7, — T,,) decays exponentially with distance along the tube axis. The 
axial surface and mean temperature distributions are therefore as shown in Figure 8.7. 

Determination of an expression for the total heat transfer rate g,,,, is complicated by 
the exponential nature of the temperature decay. Expressing Equation 8.34 in the form 


conv — me,|(T, a Lg = Oe 7 YB = mce,(AT, ~ AT,) 


and substituting for mc, from Equation 8.41a, we obtain 


where A, is the tube surface area (A, = P-L) and AT,,, is the log mean temperature 
difference, 


Equation 8.43 is a form of Newton’s law of cooling for the entire tube, and AT,,,, is the 
appropriate average of the temperature difference over the tube length. The logarithmic 
nature of this average temperature difference [in contrast, e.g., to an arithmetic mean tem- 
perature difference of the form AT,,,, = (AT; + AT,)/2] is due to the exponential nature of 
the temperature decay. 

Before concluding this section, it is important to note that, in many applications, it is 
the temperature of an external fluid, rather than the tube surface temperature, that is fixed 
(Figure 8.8). In such cases, it is readily shown that the results of this section may still be 
used if 7, is replaced by T,, (the free stream temperature of the external fluid) and h is 
replaced by U (the average overall heat transfer coefficient). For such cases, it follows that 


nd 


fev} 
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Inner flow 
wh, h; 


Ficure 8.8 — Heat transfer between fluid flowing over a tube 
and fluid passing through the tube. 


The overall heat transfer coefficient is defined in Section 3.3.1, and for this application it 
would include contributions due to convection at the tube inner and outer surfaces. For a 
thick-walled tube of small thermal conductivity, it would also include the effect of conduc- 
tion across the tube wall. Note that the product UA, yields the same result, irrespective of 
whether it is defined in terms of the inner (U;A,;) or outer (U,A,.) surface areas of the tube 
(see Equation 3.37). Also note that (UA, is equivalent to the total thermal resistance 
between the two fluids, in which case Equations 8.45a and 8.46a may be expressed as 


AT, Tx —Tng 1 
Oo a 8.45b 
AT, Lo Ln r( me, tot 
and 
q= m (8.46b) 
Roo 


A common variation of the foregoing conditions is one for which the uniform tempera- 
ture of an outer surface, T,,, rather than the free stream temperature of an external fluid, 
T.,, is known. In the foregoing equations, 7,, is then replaced by T,,, and the total resis- 
tance embodies the convection resistance associated with the internal flow, as well as the 
resistance due to conduction between the inner surface of the tube and the surface corre- 
sponding to T, ,. 


EXAMPLE 8.3 


Steam condensing on the outer surface of a thin-walled circular tube of diameter 
D = 50mm and length L = 6m maintains a uniform outer surface temperature of 100°C. 
Water flows through the tube at a rate of m= 0.25 kg/s, and its inlet and outlet tempera- 
tures are T,,; = 15°C and T,,,, = 57°C. What is the average convection coefficient associ- 


ated with the water flow? 
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SOLUTION 


Known: Flow rate and inlet and outlet temperatures of water flowing through a tube of 
prescribed dimensions and surface temperature. 


Find: Average convection heat transfer coefficient. 


Schematic: 
D=50mm T, = 100°C 
ff 7 fn = 57°C 
Water , 
(m= 0.25 kg/s 


Assumptions: 
1. Negligible tube wall conduction resistance. 
2. Incompressible liquid and negligible viscous dissipation. 
3. Constant properties. 


Properties: Table A.6, water (T,, = 36°C): c, = 4178 J/kg: K. 


Analysis: Combining the energy balance, Equation 8.34, with the rate equation, Equa- 
tion 8.43, the average convection coefficient is given by 


7 mc, Cis ~ Ti) 
TDL AT,» 


From Equation 8.44 
= (T, _ Ling) _ (FT, ~~ i) 
In{(7, ~ Tol (I, _ Ti] 


_ (100 — 57) — (100 — 15) 
'™ ~ In[(100 — 57)/(100 — 15)] 


AT in 


= 61.6°C 


Hence 


_ 0.25 kg/s X 4178 J/kg + K (57 — 15)°C 
a7 X0.05m X 6m 61.6°C 


or 
h = 755 Wim?+K < 
Comments: If conditions were fully developed over the entire tube, the local convection 


coefficient would be everywhere equal to 755 W/m’: K. 


8.4. a Laminar Flow in Circular Tubes: Thermal Analysis and Convection Correlations 509 


6.4 Laminar Flow in Circular Tubes: Thermal 
Analysis and Convection Correlations 


To use many of the foregoing results, the convection coefficients must be known. In this sec- 
tion we outline the manner in which such coefficients may be obtained theoretically for lami- 
nar flow in a circular tube. In subsequent sections we consider empirical correlations pertinent 
to turbulent flow in a circular tube, as well as to flows in tubes of noncircular cross section. 


$.4.1 The Fully Developed Region 


Here, the problem of heat transfer in laminar flow of an incompressible, constant property 
fluid in the fully developed region of a circular tube is treated theoretically. The resulting 
temperature distribution is used to determine the convection coefficient. 

A differential equation governing the temperature distribution is determined by applying 
the simplified, steady-flow, thermal energy equation, Equation 1.12e [g = mc,(Tou — Tin)I, 
to the annular differential element of Figure 8.9. If we neglect the effects of net axial con- 
duction, the heat input, g, is due only to conduction through the radial surfaces. Since the 
radial velocity is zero in the fully developed region, there is no advection of thermal energy 
through the radial control surfaces, and the only advection is in the axial direction. Thus, 
Equation 1.12e leads to Equation 8.47, which expresses a balance between radial conduc- 
tion and axial advection: 


: OT 
Gr — Qrsar = (din), (r+ Tas) = 7 (8.47a) 
or 
lat OE po 99 7 \_ 9% 
(dm)c, ae dx = q, (4, aes ir ce dr (8.47b) 
The differential mass flow rate in the axial direction is dm = pu2zrdr, and the radial heat 
transfer rate is gq, = —k(dT/dr)27rdx. If we assume constant properties, Equation 8.47b 
becomes 
ae) ot 
ua =] a ay (8.48) 
Marea 
——_- tT 
z aes T T+ ad dx dr 
f + 
i = > xX qr A 
— dx —>| r 
— - — - — - —__ - — -—+- > 


Ficure 8.9 Thermal energy balance on a differential element for 
laminar, fully developed flow in a circular tube. 
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We will now proceed to solve for the temperature distribution for the case of constant 
surface heat flux. In this case, the assumption of negligible net axial conduction is exactly 
satisfied, that is, (?7/dx*) = 0. Substituting for the axial temperature gradient from Equa- 
tion 8.32 and for the axial velocity component, u, from Equation 8.15, the energy equation, 
Equation 8.48, reduces to 


10 oT = QU, at. r . n 
r or (, ar) a ( a 1 r, q, = constant (8.49) 
where T 


A(X) varies linearly with x and (2u,,/a)(dT,,/dx) is a constant. Separating variables 
and integrating twice, we obtain an expression for the radial temperature distribution: 


Up dT, 2 iq 
Le) = ( rs |: “ + Clie G, 


The constants of integration may be evaluated by applying appropriate boundary condi- 
tions. From the requirement that the temperature remain finite at r = 0, it follows that 
C, = 0. From the requirement that 7(r,) = T,, where T, varies with x, it also follows that 


QU dT, 3 ri 
c= Be *2) 


Accordingly, for the fully developed region with constant surface heat flux, the temperature 
profile is of the form 


Quyr? (aT 4 2 
T(r, x) = T(x) ao | Tey. (: He y| (8.50) 


From knowledge of the temperature profile, all other thermal parameters may be deter- 
mined. For example, if the velocity and temperature profiles, Equations 8.15 and 8.50, 
respectively, are substituted into Equation 8.26 and the integration over r is performed, the 
mean temperature is found to be 


lif, dT, 
T,(x) = T(x) L( m )( | (8.51) 


From Equation 8.39, where P = 77D and m = pu (a7D7/4), we then obtain 


m 


_114;D 


occ ame eae ar 


(8.52) 


Combining Newton’s law of cooling, Equation 8.27, and Equation 8.52, it follows that 
4, 48(k 
11\D 
or 


Nin = a = 4.36 q, = constant (8.53) 


Hence in a circular tube characterized by uniform surface heat flux and laminar, fully devel- 
oped conditions, the Nusselt number is a constant, independent of Rep, Pr, and axial location. 
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For laminar, fully developed conditions with a constant surface temperature, the 
assumption of negligible axial conduction is often reasonable. Substituting for the velocity 
profile from Equation 8.15 and for the axial temperature gradient from Equation 8.33, the 
energy equation becomes 


1 0 oT = 2Um dT, r ': qi; = ‘i —_ 
ar (, a a ( r= J}: (:) ToT T, = constant (8.54) 


m 


A solution to this equation may be obtained by an iterative procedure, which involves mak- 
ing successive approximations to the temperature profile. The resulting profile is not 
described by a simple algebraic expression, but the resulting Nusselt number may be shown 
to be [2] 


Nup = 3.66 T, = constant (8.55) 


Note that in using Equation 8.53 or 8.55 to determine h, the thermal conductivity should be 
evaluated at T,,,.' 


m* 


EXAMPLE 8.4 


In the human body, blood flows from the heart into a series of branching blood vessels hav- 
ing successively smaller diameters. In developing the bioheat equation (Section 3.7), 
Pennes assumed that blood enters the capillaries (the smallest vessels) at the arterial tem- 
perature and exits at the temperature of the surrounding tissue. This problem tests that 
assumption [7, 8]. The diameters and average blood velocities for three different types of 
vessels are given in the table. Begin by estimating the length required for the mean blood 
temperature to approach the tissue temperature, specifically, to satisfy the criterion 
(T, — Ty,.M(T; — Tn) = 0.05 for each of these vessels. Heat transfer between the vessel 
wall and surrounding tissue can be described by an effective heat transfer coefficient, 
h, = k,/D, where k, = 0.5 W/m: K. 


Vessel Diameter, D (mm) Blood Velocity, w,, (mm/s) 
Large artery 3 130 

Arteriole 0.02 3 

Capillary 0.008 0.7 


SOLUTION 


Known: Blood vessel diameter and average blood velocity. Tissue thermal conductivity 
and effective heat transfer coefficient. 


Find: Whether the blood enters the capillary vessels at the arterial temperature and 
leaves at the tissue temperature. 


‘If heat transfer occurs in a liquid that is characterized by a highly temperature-dependent viscosity, as is the case 
for many oils, experimental results have shown that the Nusselt numbers of Equations 8.53 or 8.55 may be cor- 
rected to account for this property variation as described in Section 8.4.3. 
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Schematic: 


Tissue 
lds Uh 


Assumptions: 

1. Steady-state conditions. 
Constant properties. 
Negligible blood vessel wall thermal resistance. 
Thermal properties of blood can be approximated by those of water. 
Blood is incompressible liquid with negligible viscous dissipation. 
Tissue temperature is fixed. 


AA MW PR YN 


Effects of pulsation of flow are negligible. 


Properties: Table A.6, water (T,, = 310 K) p = yy! = 993 kg/m, c, = 4178 J/kg :K, 
pw = 695 X 10 °N-s/m?, k = 0.628 W/mK, Pr = 4.62. 


Analysis: Since the tissue temperature 7, is fixed and heat transfer between the blood 
vessel wall and the tissue can be represented by an effective heat transfer coefficient, Equa- 
tion 8.45a is applicable, with the “free stream” temperature equal to T,. This equation can 
be used to find the length L that satisfies the criterion. However, we must first find U, which 
requires knowledge of the heat transfer coefficient for the blood flow, h,. 

For the large artery, the Reynolds number is 


_ pu,D _ 993 kg/m? X 130 X 10-* m/s X 3 X 10-3 m _ 


Re 
PK 695 X 10°° N= s/m? 


557 


so the flow is laminar. Since the other vessels have smaller diameters and velocities, their 
flows will also be laminar. We begin by assuming fully developed conditions. Moreover, 
because the situation is neither one of constant surface temperature nor constant surface 
heat flux, we will approximate the Nusselt number as Nu, ~ 4, in which case h, = 4k,/D. 
Neglecting the thermal resistance of the vessel wall, for the large artery 


1 LP gD 3x 107m _ 3X 107% m 
U bh, h, 4k, k 4X0628W/m-K 0.55 W/m-K 


=7.2 X 10° 3>m*?-K/W 
or 


U = 140 W/m?-K 
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The large artery length needed to satisfy the criterion can be found by solving Equation 
8.45a, with m = pu,,7D7/4: 


pu,,Dc, To y ae 
L= — n( : : 


4U T, ~~ Tin 
993 kg/m? X 130 X 1073 m/s X 3 X 1073 m X 4178 J/kg-K 
4 X 140 W/m?-K 


In(0.05) 
=8.7m 
Using Equations 8.3 and 8.23: 


Xia, = 0.05 Rep D = 0.05 X 557 X 3 X 10-3m = 0.08 m 
Xa = Xa, Pr = 0.08 m X 4.62 = 0.4m 


Therefore, the flow would become fully developed well within the length of 8.7 m. The cal- 
culations can be repeated for the other two cases, and the results are tabulated below. 


Vessel Rep U (Wim? - K) L (m) Xta,n (m) Xa, (m) 
Large artery 557 140 8.7 0.08 0.4 

Arteriole 0.086 21,000 8.9 x 10°° 9x 10°8 4x 1077 
Capillary 0.0080 52,000 3.3 x 1077 3x 10° 1x 10% 


The large value of L for the large artery suggests that the temperature remains close to the 
inlet arterial blood temperature. This is due to its relatively large diameter, which leads to a 
small overall heat transfer coefficient. In the intermediate arterioles, the blood temperature 
approaches the tissue temperature within a length on the order of 10 wm. Since arterioles 
are on the order of millimeters in length, the blood temperature exiting them and entering the 
capillaries would be approximately equal to the tissue temperature. There could then be 
no further temperature drop in the capillaries. Thus, it is in the arterioles and slightly larger 
vessels in which the blood temperature equilibrates to the tissue temperature, not in the small 
capillaries as Pennes assumed. < 


Comments: 


1. The properties of blood are moderately close to those of water. The property that differs 
most is the viscosity, as blood is more viscous than water. However, this discrepancy 
would have no effect on the foregoing results and conclusions. Since the Reynolds 
number would be even smaller for the higher-viscosity blood, the flow would still be 
laminar and the heat transfer would be unaffected. 


2. Blood cells have dimensions on the order of the capillary diameter. Thus, for the 
capillaries, an accurate model of blood flow would account for the individual cells 
surrounded by plasma. 


3. Despite the flaw in the assumption employed by Pennes, the bioheat equation is a useful 
tool in analyzing heat transfer in the human body. 
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$.4.2 The Entry Region 


The results of the preceding section are valid only when both the velocity and temperature 
profiles are fully developed, as determined by the entry length expressions of Equations 8.3 
and 8.23. If either or both profiles are not fully developed, the flow is said to be in the entry 
region. The energy equation for the entry region is more complicated than Equation 8.48 
because there would be a radial advection term (since v ¥ 0 in the entry region). In addi- 
tion, both velocity and temperature now depend on x, as well as r, and the axial temperature 
gradient JT/dx may no longer be simplified through Equation 8.32 or 8.33. However, two 
different entry length solutions have been obtained. The simplest solution is for the thermal 
entry length problem, and it is based on assuming that thermal conditions develop in the 
presence of a fully developed velocity profile. Such a situation would exist if the location at 
which heat transfer begins were preceded by an unheated starting length. It could also be 
assumed to a reasonable approximation for large Prandtl number fluids, such as oils. Even 
in the absence of an unheated starting length, velocity boundary layer development would 
occur far more rapidly than thermal boundary layer development for large Prandtl number 
fluids, and a thermal entry length approximation could be made. In contrast, the combined 
(thermal and velocity) entry length problem corresponds to the case for which the tempera- 
ture and velocity profiles develop simultaneously. It would never be the case that thermal 
conditions are fully developed and hydrodynamic conditions are developing. Since the 
temperature distribution depends on the velocity distribution, as long as the velocity is still 
changing, thermal conditions cannot be fully developed. 

Solutions have been obtained for both the thermal and combined entry length condi- 
tions [2], and selected results are shown in Figure 8.10. As evident in Figure 8.10a, local 
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Ficure 8.10 Results obtained from entry length solutions for laminar flow in a circular tube with 
constant surface temperature: (a) Local Nusselt numbers. (b) Average Nusselt numbers. 
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Nusselt numbers Nup are, in principle, infinite at x = 0 and decay to their asymptotic (fully 
developed) values with increasing x. These results are plotted against the dimensionless 
parameter xa/(u,,D°) = x/(D Rep Pr), which is the reciprocal of the Graetz number, 


The manner in which Nup varies with Gzp' is independent of Pr for the thermal entry prob- 
lem, since the fully developed velocity profile, given by Equation 8.13, is independent of 
the fluid viscosity. In contrast, for the combined entry length problem, results depend on 
the manner in which the velocity distribution develops, which is highly sensitive to the 
fluid viscosity. Hence, heat transfer results depend on the Prandtl number for the combined 
entry length case and are presented in Figure 8.10a for Pr = 0.7, which is representative of 
most gases. At any location within the entry region, Nup decreases with increasing Pr and 
approaches the thermal entry length condition as Pr ~, Note that fully developed condi- 
tions are reached for [(x/D)/Rep Pr] ~ 0.05. 

For the constant surface temperature condition, it is desirable to know the average 
convection coefficient for use with Equation 8.42 or 8.43. Selection of the appropriate cor- 
relation depends on whether a thermal or combined entry length exists. 

For the thermal entry length problem, Kays [9] presents a correlation attributed to 
Hausen [10], which is of the form 


where Nup = hD/k, and h is the heat transfer coefficient averaged from the tube inlet to x. 
Equation 8.57 is applicable to all situations where the velocity profile is fully developed. 
However, from Figure 8.10b, it is apparent that, for Pr 2 5, the thermal entry length approx- 
imation is reasonable since it agrees well with the combined entry length solution [2]. 

For the combined entry problem, the Nusselt number depends on the Prandtl and 
Graetz numbers. Baehr and Stephan [11] recommend a correlation of the form 


Equation 8.58, evaluated for Pr = 0.7, is shown in Figure 8.10 and agrees well with the 
data points obtained by solving the governing equations for the combined entry problem [2]. 
As Pr— ©, the denominator of Equation 8.58 approaches unity. Therefore, the numerator of 
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Equation 8.58 corresponds to the Pr ©, thermal entry length problem and yields values 
of Nup that are within 3% of the Hausen correlation for 0.006 <= Gzp! < 1, also shown in 
Figure 8.10b. All properties appearing in Equations 8.57 and 8.58 should be evaluated at the 
average mean temperature, T,,, = (Din © Tine 2 

The subject of laminar flow in ducts has been studied extensively, and numerous 
results are available for a variety of duct cross sections and surface conditions. Representa- 
tive results have been compiled in a monograph by Shah and London [12] and in an 
updated review by Shah and Bhatti [13]. Correlations for the combined entry region for 
non-circular ducts have been developed by Muzychka and Yovanovich [14]. 


$.4.3 Temperature-Dependent Properties 


When differences between the surface temperature 7, and the mean temperature T,,, corre- 
spond to large fluid property variations, the Nusselt number calculated from Equations 
8.53, 8.55, 8.57, or 8.58 can be affected. For gases, this effect is usually small. For liquids, 
however, the viscosity variation may be particularly important. This is especially true for 
oils. Viscosity variation changes the radial velocity distribution, which affects the radial 
temperature distribution and ultimately alters the Nusselt number. Kays et al. [2] recom- 
mend applying the following correction factor to the Nusselt number for liquids: 


Nup. _ Nup¢ -_ ( LM yn 
Nup Nup Ms 


(8.59) 


In this expression, Nup,. and Nup,. are the corrected Nusselt numbers, while Nup and Nup 
are Nusselt numbers found from Equations 8.53, 8.55, 8.57, or 8.58. All properties in Equa- 
tion 8.59 are evaluated at T,,, except for ,, which is evaluated at the surface temperature T,. 
This correction factor can be applied to laminar flow of a liquid in a circular tube, regard- 
less of whether the flow is fully developed or in the entry length region. The correction 
factor may also be applied to tubes of noncircular cross section in the absence of other 
alternatives [15]. 


8.5 Convection Correlations: Turbulent Flow in Circular Tubes 


Since the analysis of turbulent flow conditions is a good deal more involved, greater 
emphasis is placed on determining empirical correlations. For fully developed (hydrody- 
namically and thermally) turbulent flow in a smooth circular tube, the local Nusselt 
number may be obtained from the Dittus—Boelter equation” [16]: 


Nup = 01023 Res Pr” (8.60) 


?Although it has become common practice to refer to Equation 8.60 as the Dittus—Boelter equation, the original 
Dittus—Boelter equations are actually of the form 


Nup = 0.0243 Re}? Pr°* (Heating) 
Nup = 0.0265 Reg? Pr°? (Cooling) 
The historical origins of Equation 8.60 are discussed by Winterton [16]. 
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where n = 0.4 for heating (7, > T,,) and 0.3 for cooling (7, < T,,). These equations have 
been confirmed experimentally for the range of conditions 


0.6 < Pr < 160 
Rep = 10,000 


Ds, 
= 210 
D 


The equations may be used for small to moderate temperature differences, T, — T,,,, with all 
properties evaluated at T,,. For flows characterized by large property variations, the follow- 
ing equation, due to Sieder and Tate [17], is recommended: 


0.14 
Nu = 0.027 Ref Pr"? (4) (8.61) 


‘Ss 


0.7 = Pr = 16,700 
Rep = 10,000 


_ 
= 2 0) 
D 


where all properties except pz, are evaluated at T,,. To a good approximation, the fore- 
going correlations may be applied for both the uniform surface temperature and heat flux 
conditions. 

Although Equations 8.60 and 8.61 are easily applied and are certainly satisfactory for 
the purposes of this text, errors as large as 25% may result from their use. Such errors may 
be reduced to less than 10% through the use of more recent, but generally more complex, 
correlations [5, 18]. One correlation, valid for smooth tubes over a large Reynolds number 
range including the transition region, is provided by Gnielinski [19]: 


_ _(f18)(Rep = 1000) Pr 
1 + 12.7(f/8)!? (Pr? = 1) 


(8.62) 


Up 


where the friction factor may be obtained from the Moody diagram or from Equation 8.21. The 
correlation is valid for 0.5 S Pr S 2000 and 3000 S Rep $5 X 10°. In using Equation 8.62, 
which applies for both uniform surface heat flux and temperature, properties should be evalu- 
ated at T,,,. If temperature differences are large, additional consideration must be given to vari- 
able-property effects and available options are reviewed by Kakac [20]. 

We note that, unless specifically developed for the transition region (2300 < Rep < 10%), 
caution should be exercised when applying a turbulent flow correlation for Rey < 10*. If the 
correlation was developed for fully turbulent conditions (Rep > 10°), it may be used as a first 
approximation at smaller Reynolds numbers, with the understanding that the convection coef- 
ficient will be overpredicted. If a higher level of accuracy is desired, the Gnielinski correlation, 
Equation 8.62, may be used. A comprehensive discussion of heat transfer in the transition 
region is provided by Ghajar and Tam [21]. 

We also note that Equations 8.60 through 8.62 pertain to smooth tubes. For turbulent 
flow in rough tubes, the heat transfer coefficient increases with wall roughness, and, as a 
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first approximation, it may be computed by using Equation 8.62 with friction factors 
obtained from Equation 8.20 or the Moody diagram, Figure 8.3. However, although the 
general trend is one of increasing 4 with increasing f, the increase in f is proportionately 
larger, and when f is approximately four times larger than the corresponding value for a 
smooth surface, h no longer changes with additional increases in f [22]. Procedures for esti- 
mating the effect of wall roughness on convection heat transfer in fully developed turbulent 
flow are discussed by Bhatti and Shah [18]. 

Since entry lengths for turbulent flow are typically short, 10 S (x;,/D) S 60, it is often 
reasonable to assume that the average Nusselt number for the entire tube is equal to the 
value associated with the fully developed region, Nu ~ Nup sg. However, for short tubes 
Nup will exceed Nup iq and may be calculated from an expression of the form 


Nup C 
=1]-+4 8.63 
Nup fa (x/D)y" ( ) 


where C and m depend on the nature of the inlet (e.g., sharp-edged or nozzle) and entry region 
(thermal or combined), as well as on the Prandtl and Reynolds numbers [2, 18, 23]. Typically, 
errors of less than 15% are associated with assuming Nup = Nup sa for (L/D) > 60. When 
determining Nup, all fluid properties should be evaluated at the arithmetic average of the 
mean temperature, T,,, = (Ting + Tno)!2- 

Finally, we note that the foregoing correlations do not apply to liquid metals. For fully 
developed turbulent flow in smooth circular tubes with constant surface heat flux, Skupinski 


et al. [24] recommend a correlation of the form 
Nup = 4.82 + 0.0185 Pe?;*?’ gq" = constant (8.64) 
3% 10-2 Pra5 x10" 


3.6 X 10° S Rep $9.05 X 10° 
10° S Pep = 104 


Similarly, for constant surface temperature Seban and Shimazaki [25] recommend the fol- 
lowing correlation for Pep = 100: 


Nup = 5.0 + 0.025 Pe?’ ~T, = constant (8.65) 


Extensive data and additional correlations are available in the literature [26]. 


EXAMPLE 8.5 


A method to generate electric power from solar irradiation involves concentrating sunlight 
onto absorber tubes that are placed at the focal points of parabolic reflectors. The absorber 
tubes carry a liquid concentrator fluid that is heated as it flows through the tubes. After it 
leaves the concentrating field, the fluid enters a heat exchanger, where it transfers thermal 
energy to the working fluid of a Rankine cycle. The cooled concentrator fluid is returned 
to the concentrator field after it exits the heat exchanger. A power plant consists of many 
concentrators. 
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Generator 


Pt Turbine 


Concentrator fluid 
Heat 


Typ Nm exchanger 


mi? 


aa 


Concentrating field 


N Parabolic reflectors Condenser 
The net effect of a single concentrator-tube arrangement may be approximated as one of 
creating a constant heating condition at the surface of the tube. Consider conditions for 
which a concentrated heat flux of g’ = 20,000 W/m?, assumed to be uniform over the tube 
surface, heats a concentrator fluid of density, thermal conductivity, specific heat, and vis- 
cosity of p = 700kg/m*, k = 0.078 W/m:K, c, = 2590 J/kg: K, and = 0.15 x 103 
N:s/m”, respectively. The tube diameter is D = 70 mm, and the mass flow rate of the fluid 
in a single concentrator tube is m = 2.5 kg/s. 


1. If the concentrator fluid enters each tube at T,,; = 400°C and exits at T,,, = 450°C, 
what is the required concentrator length, L? How much heat gq is transferred to the con- 
centrator fluid in a single concentrator-tube arrangement? 


2. What is the surface temperature of the tube at the exit of a concentrator, 7,(L)? 


3. The maximum and minimum temperatures of the entire power plant are the exit tem- 
perature of the concentrator fluid 7,,,, and the ambient temperature T,,, respectively. If 
a temperature difference of AT = T,,, — Trimax = 20°C occurs across the heat 
exchanger and a second temperature difference of AT = Trmin — Tx. = 20°C exists 
across the condenser, where T,, = 20°C, determine the minimum number of concen- 
trators N, each of length L, needed to generate P = 20 MW of electric power. 


SOLUTION 


Known: Tube diameter, surface heat flux, fluid mass flow rate and properties. Inlet and 
outlet mean temperatures of fluid in concentrator. Temperature differences across the heat 
exchanger and condenser. 


Find: 


1. Length of concentrator to achieve required temperature increase and the corresponding 
heat transfer rate q. 


2. Tube surface temperature at the end of the concentrator. 
3. Minimum number of concentrators needed to generate P = 20 MW of electric power. 
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Schematic: 
qi = 20,000 W/m? 
Concentrator | T 
fluid Hk j SY 
—, D=70mm a 
m=25kg/s 4 T,,, = 450°C 
Dini = 400°C 
Assumptions: 
1. Steady-state conditions. 
2. Incompressible liquid with negligible viscous dissipation. 
3. Constant properties. 
4. Thin tube wall. 
Analysis: 


1. For constant heat flux conditions, Equation 8.38 may be used with the appropriate 


energy balance, Equation 8.34, to obtain 


Cl ae ~~ Ti) 
Ay = 7DL = ” 
mc, 
L = = ln oo! Li p) 
wDq, , 


where L is the length of tube within the concentrator, which is also of length L. 


Hence 


2.5 kg/s X 2590 J/kg-K 
a X 0.070 m X 20,000 W/m 


5 (450°C — 400°C) = 73.6 m 


The heat transfer rate is 


q= q'A= q' TDL = 20,000 W/m? X 7 X 0.070 m X 73.6 m 
= 0.324 x 10° W = 0.324 MW 


<J 


2. The tube surface temperature at the end of the concentrator may be obtained from 


Newton’s law of cooling, Equation 8.27, where 


qs 
Tiijs24 7 
Re ) h m,O 
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To find the local convection coefficient at the tube outlet, the nature of the flow condi- 
tion must first be established. From Equation 8.6, 
Am 4 X 2.5 kg/s 


= = = 3.03 X 10° 
7D =a X 0.070 m X 0.15 X 10°37 N° s/m? 


Rep 


Hence the flow is turbulent. The Prandtl number of the concentrator fluid may be 
determined from 


py BCp 0.15 X 10°? N-s/m? X 2590 J/kg: K _ 
ak 0.078 W/m: K 
Since L/D = 73.6 m/0.070 m = 1050, we conclude from Equation 8.4 that condi- 


tions are fully developed within the tube at the end of the concentrator. The local 
Nusselt number at x = L is obtained from Equation 8.60 


Pr= 4.98 


Nup = 0.023 Re}? Pr°4 = 0.023 X (3.03 x 10°)** x 4.984 = 1113 


from which the local convection heat transfer coefficient is 


k _ 0.078 W/m: K 


= >.< = 2, 
h p Nue 0.070 m 1113 = 1240 W/m*-K 


The tube surface temperature at the end of the concentrator is 


20,000 W/m? 
T(L) = -"_ + 450°C = 466°C <1 
1240 W/m? : K 
3. The minimum number of concentrators may be determined by first calculating the 
corresponding minimum amount of thermal energy required to generate P = 20 MW 
of electricity. The maximum possible (Carnot) efficiency is N¢ = 1 — Trinin/Trmax = 
1 —(T. + ATW(T,,. — AT) = 1 — (293 K + 20 K)/(723 K — 20 K) = 0.555. Hence the 
minimum thermal energy required is 
P _20MW 
n= 7l= = 36.1 MW 
Gmina Ne 0.555 
Correspondingly, the minimum number of concentrators required is 
min 36.0 MW 
= = =111 <J 
yy 4 0.324MW 
Comments: 
1. If temperature differences within the heat exchanger and the condenser could be elimi- 
nated (AT = 0°C), the Carnot efficiency would be ¢ = 1 — Trrin/Trmax = 1 — Too!Ting = 
1 — (293 K)K723 K) = 0.595. This yields gpin = 33.6 MW and N = 104. Minimizing 
thermal resistances in the heat exchanger and condenser reduces the number of con- 
centrators required to generate a specified amount of electric power and can reduce the 
capital cost of the plant. 
2. Actual thermal efficiencies are less than the Carnot efficiency, and a nominal value of 


38% is associated with parabolic trough Solar Electric Generating Stations (SEGS) 
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3. 


4. 


operating in Southern California since the mid-1980s. However, the overall efficiency 
of power plants using concentrating solar collectors is typically defined as a ratio of 
the rate of power generation to the rate at which solar energy is intercepted by the col- 
lectors. With a nominal efficiency of 40% for conversion of solar energy to thermal 
energy, the overall efficiency of the SEGS systems is approximately 15%. 


A contemporary research challenge is to develop concentrator fluids that do not boil 
during periods of high solar irradiation and that resist freezing at might. Moreover, 
development of inexpensive and safe liquids capable of withstanding even higher tem- 
peratures will lead to higher maximum Rankine cycle temperatures, Tp »,,, and, in 
turn, increased plant efficiency. 

As implied in Comments 1 and 2, good thermal management and development of new 
heat transfer fluids can reduce the cost of solar-generated electricity; they are key fac- 
tors in increasing the amount of electricity generated from the sun. 


EXAMPLE 8.6 


Hot air flows with a mass rate of m = 0.050 kg/s through an uninsulated sheet metal duct of 
diameter D = 0.15 m, which is in the crawlspace of a house. The hot air enters at 103°C 
and, after a distance of L = 5m, cools to 85°C. The heat transfer coefficient between the 
duct outer surface and the ambient air at T,, = 0°C is known to be h, = 6 W/m’: K. 


1. Calculate the heat loss (W) from the duct over the length L. 


2. Determine the heat flux and the duct surface temperature at x = L. 


SOLUTION 


Known: Hot air flowing in a duct. 


Find: 
1. 


2. Heat flux and surface temperature at x = L. 


Heat loss from the duct over the length L, g(W). 


Schematic: 
Cold T., = O°C Duct, D= 0.15 m 
@) ambient air h,=6 W/mK T,,, = 85°C 
a ™,. 
| 
—_—___—_.- - - - - - - —>- 
r= 0.05 ke/s_/I 
7 Nonw 
Tno= 103°C (| L=5m >| £ 
Lyx 
Assumptions: 
1. Steady-state conditions. 


2. Constant properties. 
3. Ideal gas behavior. 
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. Negligible viscous dissipation and negligible pressure variations. 
. Negligible duct wall thermal resistance. 
. Uniform convection coefficient at outer surface of duct. 


NHN wm BS 


. Negligible radiation. 


Properties: Table A.4, air (T,, = 367 K): c, = 1011 J/kg:K. Table A.4, air (T,,, = 358 K): 
k = 0.0306 W/m: K, w = 211.7 X 10°’ N-s/m’, Pr = 0.698. 


Analysis: 
1. From the energy balance for the entire tube, Equation 8.34, 


q = MC (Tnp _ Ti0) 
q = 0.05 kg/s X 1011 J/kg + K(85 — 103)°C = —910 W <J 


2. An expression for the heat flux at x = L may be inferred from the resistance network 


Tie T, (L) T.., 
qs(L) —> 0 WWW “/\W\-9 
_i_ i 
h, (L) h 


where h,(L) is the inside convection heat transfer coefficient at x = L. Hence 


ML) = Lat ~ T., 
I) = TD + Ih, 


The inside convection coefficient may be obtained from knowledge of the Reynolds 
number. From Equation 8.6 
dm 4 X 0.05 kg/s 


= = ~ = 20,050 
mDm a X0.15m X 211.7 X 107-7 N-s/m? 


Rep 


Hence the flow is turbulent. Moreover, with (L/D) = (5/0.15) = 33.3, it is reasonable 
to assume fully developed conditions at x = L. From Equation 8.60, with n = 0.3, 


h{L)D 
Nup = J) = 0.023 Re}? Pr°? = 0.023(20,050)*"* (0.698)°? = 56.4 
k 0.0306 W/m: K 2 
h(L) =N = 56.4 = 11.5 W/m*:K 
(L) WDD 56 0.15 m 5 W/m 
Therefore 
qu(L) = So = 335 W/m? 


(1/11.5 + 1/6.0)m?+ K/W 


Referring back to the network, it also follows that 

Ly, Lo i L 
(lL) = 

I) = TD 


in which case 


WW E 2 
WL) _ geo 335 Wim 


LT =559°C <J 
© Aid) 11.5 W/m?-K 


Ty -_ T, 
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Comments: 


1. In using the energy balance of part 1 for the entire tube, properties (in this case, only 
C,) are evaluated at Ty = (Ting + T,,/2. However, in using the correlation for a local 
heat transfer coefficient, Equation 8.60, properties are evaluated at the local mean tem- 
perature, T,,, = 85°C. 


2. The overall average heat transfer coefficient U may be determined from Equation 
8.45a, which can be rearranged to yield 


ae me, ie thee Ge _ 0.05 kg/s X 1011 J/kg K —85°C 
aDL | T.,—T, awX0.15mx5m —103°C 


mL 


=4.12 W/m*:K 


It follows from Assumption 6 that fh, = h, and that h; = 1/(1/U — 1/h,) = 13.2 W/m? K. 
The average inside convection heat transfer coefficient is larger than h,(L), as expected 
from Equation 8.63. 


3. This problem is characterized neither by constant surface temperature nor by constant 
surface heat flux. It would therefore be erroneous to presume that the total heat loss 
from the tube is given by q{(L)7DL = 790 W. This result is substantially less than the 
actual heat loss of 910 W because g{(x) decreases with increasing x. This decrease in 
q(x) is due to reductions in both h,(x) and [7,,(x) — T.,] with increasing x. 


8.6 Convection Correlations: Noncircular Tubes and the 
Concentric Tube Annulus 


Although we have thus far restricted our consideration to internal flows of circular cross 
section, many engineering applications involve convection transport in noncircular tubes. 
At least to a first approximation, however, many of the circular tube results may be applied 
by using an effective diameter as the characteristic length. It is termed the hydraulic diame- 
ter and is defined as 


D, = £ (8.66) 


where A, and P are the flow cross-sectional area and the wetted perimeter, respectively. It is 
this diameter that should be used in calculating parameters such as Rep and Nup. 

For turbulent flow, which still occurs if Rey = 2300, it is reasonable to use the correla- 
tions of Section 8.5 for Pr = 0.7. However, in a noncircular tube the convection coeffi- 
cients vary around the periphery, approaching zero in the corners. Hence in using a circular 
tube correlation, the coefficient is presumed to be an average over the perimeter. 

For laminar flow, the use of circular tube correlations is less accurate, particularly with 
cross sections characterized by sharp corners. For such cases the Nusselt number corre- 
sponding to fully developed conditions may be obtained from Table 8.1, which is based on 
solutions of the differential momentum and energy equations for flow through the different 
duct cross sections. As for the circular tube, results differ according to the surface thermal 
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TABLE 8.1 Nusselt numbers and friction factors for fully developed 
laminar flow in tubes of differing cross section 


ioc nD, 
Up = k 
b 
Cross Section J (Uniform q') (Uniform T,) fRep, 
C) = 4.36 3.66 64 
a [| 1.0 3.61 2.98 57 
b 
A 1.43 433 3.08 59 
b 
a 2.0 4.12 3.39 62 
b 
a 3.0 4.79 3.96 69 
b 
a 4.0 5.33 4.44 73 
b 
a 8.0 6.49 5.60 82 
b 
0 8.23 7.54 96 
Heated 
Ra ACen oe 5.39 4.86 96 
_ Insulated : 


A — 3.11 2.49 53 


Used with permission from W. M. Kays and M. E. Crawford, Convection Heat and Mass Transfer, 
3rd ed. McGraw-Hill, New York, 1993. 


condition. Nusselt numbers tabulated for a uniform surface heat flux presume a constant 
flux in the axial (flow) direction, but a constant temperature around the perimeter at any 
cross section. This condition is typical of highly conductive tube wall materials. Results 
tabulated for a uniform surface temperature apply when the temperature is constant in both 
the axial and peripheral directions. Care should be taken when comparing the values of the 
Nusselt numbers associated with different cross-sectional shapes. Specifically, a cross sec- 
tion that is characterized by a larger Nusselt number does not necessarily imply more effec- 
tive convection heat transfer, since both the hydraulic diameter and the wetted perimeter 
are cross section—dependent. See Problem 8.87. 

Although the foregoing procedures are generally satisfactory, exceptions do exist. 
Detailed discussions of heat transfer in noncircular tubes are provided in several sources 
[12, 13, 27]. 

Many internal flow problems involve heat transfer in a concentric tube annulus 
(Figure 8.11). Fluid passes through the space (annulus) formed by the concentric tubes, and 
convection heat transfer may occur to or from both the inner and outer tube surfaces. It is 
possible to independently specify the heat flux or temperature, that is, the thermal 
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. D, FicurE 8.11 The concentric tube annulus. 


condition, at each of these surfaces. In any case the heat flux from each surface may be 
computed with expressions of the form 


Gi = h,(T 5; — Tn) (8.67) 
¢.= ct (8.68) 


Note that separate convection coefficients are associated with the inner and outer surfaces. 
The corresponding Nusselt numbers are of the form 


h,D 
Nu, = —— (8.69) 
k 
h, D 
Nu, =—— (8.70) 
k 
where, from Equation 8.66, the hydraulic diameter D,, is 
4(m/4)(D* — D? 
= (7/4)(D;, i) D,-D, (8.71) 
aD, + 7D; 


For the case of fully developed laminar flow with one surface insulated and the other 
surface at a constant temperature, Nu; or Nu, may be obtained from Table 8.2. Note that in 


TABLE 8.2 Nusselt number for fully developed laminar 
flow in a circular tube annulus with one surface insulated 
and the other at constant temperature 


D,/D, Nu; Nu, Comments 
0 — 3.66 See Equation 8.55 
0.05 17.46 4.06 
0.10 11.56 4.11 
0.25 7.37 4.23 
0.50 5.74 4.43 
~=1.00 4.86 4.86 See Table 8.1, bla > % 


Used with permission from W. M. Kays and H. C. Perkins, in W. M. Rohsenow and J. P. Hartnett, Eds., 
Handbook of Heat Transfer, Chap. 7, McGraw-Hill, New York, 1972. 
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TABLE 8.3 Influence coefficients for fully developed 
laminar flow in a circular tube annulus with 
uniform heat flux maintained at both surfaces 


D;/D, Nu; Nugo 0% 0% 

0 — 4.364" co 0 

0.05 17.81 4.792 2.18 0.0294 
0.10 11.91 4.834 1.383 0.0562 
0.20 8.499 4.833 0.905 0.1041 
0.40 6.583 4.979 0.603 0.1823 
0.60 5.912 5.099 0.473 0.2455 
0.80 5.58 5.24 0.401 0.299 
1.00 5.385 5.385? 0.346 0.346 


Used with permission from W. M. Kays and H. C. Perkins, in W. M. Rohsenow and 
J. P. Hartnett, Eds., Handbook of Heat Transfer, Chap. 7, McGraw-Hill, New York, 1972. 


“See Equation 8.53. 
’See Table 8.1 for b/a > © with one surface insulated. 


such cases we would be interested only in the convection coefficient associated with the 
isothermal (nonadiabatic) surface. 

If uniform heat flux conditions exist at both surfaces, the Nusselt numbers may be 
computed from expressions of the form 


a (8.72) 
1 — (qlq)0F 
N 
ut, nae (8.73) 


1 = (gilgtyo* 


The influence coefficients (Nu;, Nu, , 9;, and 6,) appearing in these equations may be 
obtained from Table 8.3. Note that qg/ and gq? may be positive or negative, depending on 
whether heat transfer is to or from the fluid, respectively. Moreover, situations may arise 
for which the values of h; and h, are negative. Such results, when used with the sign con- 
vention implicit in Equations 8.67 and 8.68, reveal the relative magnitudes of 7, and 7,,. 

For fully developed turbulent flow, the influence coefficients are a function of the 
Reynolds and Prandtl numbers [27]. However, to a first approximation the inner and outer 
convection coefficients may be assumed to be equal, and they may be evaluated by using 
the hydraulic diameter, Equation 8.71, with the Dittus—Boelter equation, Equation 8.60. 


$.7 Heat Transfer Enhancement 


Several options are available for enhancing heat transfer associated with internal flows. 
Enhancement may be achieved by increasing the convection coefficient and/or by increas- 
ing the convection surface area. For example, h may be increased by introducing surface 
roughness to enhance turbulence, as, for example, through machining or insertion of a coil- 
spring wire. The wire insert (Figure 8.12a) provides a helical roughness element in contact 
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Ficure 8.12 Internal flow heat transfer enhancement schemes: (a) longitudinal section and 
end view of coil-spring wire insert, (6) longitudinal section and cross-sectional view of twisted 
tape insert, (c) cut-away section and end view of longitudinal fins, and (d) longitudinal section 
and end view of helical ribs. 


with the tube inner surface. Alternatively, the convection coefficient may be increased by 
inducing swirl through insertion of a twisted tape (Figure 8.125). The insert consists of a 
thin strip that is periodically twisted through 360°. Introduction of a tangential velocity 
component increases the speed of the flow, particularly near the tube wall. The heat transfer 
area may be increased by manufacturing a tube with a grooved inner surface (Figure 
8.12c), while both the convection coefficient and area may be increased by using spiral fins 
or ribs (Figure 8.12d). In evaluating any heat transfer enhancement scheme, attention must 
also be given to the attendant increase in pressure drop and hence fan or pump power 
requirements. Comprehensive assessments of enhancement options have been published 
[28-31], and the Journal of Enhanced Heat Transfer provides access to recent develop- 
ments in the field. 

By coiling a tube (Figure 8.13), heat transfer may be enhanced without turbulence or 
additional heat transfer surface area. In this case, centrifugal forces within the fluid induce 


— ee 
0 
Helical Secondary 
A °°! flow 


Section A-A 


FicurE 8.13 Schematic of helically coiled tube and secondary flow 
in enlarged cross-sectional view. 
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a secondary flow consisting of a pair of longitudinal vortices that, in contrast to conditions 
in a Straight tube, can result in highly nonuniform local heat transfer coefficients around the 
periphery of the tube. Hence, local heat transfer coefficients vary with 6 as well as x. If con- 
stant heat flux conditions are applied, the mean fluid temperature, T,,(x), may be calculated 
using the conservation of energy principle, Equation 8.40. For situations where the fluid is 
heated, maximum fluid temperatures occur at the tube wall, but calculation of the maximum 
local temperature is not straightforward because of the 6-dependence of the heat transfer coef- 
ficient. Therefore, correlations for the peripherally averaged Nusselt number are of little use 
if constant heat flux conditions are applied. In contrast, correlations for the peripherally aver- 
aged Nusselt number for constant wall temperature boundary conditions are useful, and the 
relationships recommended by Shah and Joshi [32] are provided in the next paragraphs. 

The secondary flow increases friction losses and heat transfer rates. In addition, the sec- 
ondary flow decreases entrance lengths and reduces the difference between laminar and turbu- 
lent heat transfer rates, relative to the straight tube cases considered previously in this chapter. 
Pressure drops and heat transfer rates exhibit little dependence on the coil pitch, S. The critical 
Reynolds number corresponding to the onset of turbulence for the helical tube, Rep ..,,, 18 


where Rep. is given in Equation 8.2 and C is defined in Figure 8.13. Strong secondary flow 
associated with tightly wound helically coiled tubes delays the transition to turbulence. 
For fully developed laminar flow with C/D = 3, the friction factor is 


For cases where C/D < 3, recommendations provided in Shah and Joshi [32] should be 
followed. The heat transfer coefficient for use in Equation 8.27 may be evaluated from a 
correlation of the form 


21(C/D 
- (: “ NCP) an | pape (8.77a,b) 
Rej, Pr ry 


0.005 = Pr S 1600 
1 S Re, (D/C)"” S 1000 
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Friction factor correlations for turbulent flow are based on limited data. Furthermore, 
heat transfer augmentation due to the secondary flow is minor when the flow is turbulent 
and is less than 10% for C/D Z 20. As such, augmentation by using helically coiled tubes 
is typically employed only for laminar flow situations. In laminar flow, the entrance length is 
20% to 50% shorter than that of a straight tube, while the flow becomes fully developed 
within the first half-turn of the helically coiled tube under turbulent conditions. Therefore, 
the entrance region may be neglected in most engineering calculations. A compilation of 
additional correlations is available [33]. 

When a gas or liquid is heated in a straight tube, a fluid parcel that enters near the cen- 
terline of the tube will exit the tube faster, and always be cooler than, a fluid parcel that 
enters near the tube wall. Hence, the time-temperature histories of individual fluid parcels, 
processed in the same heating tube, can be dramatically different. In addition to augment- 
ing heat transfer, the secondary flow associated with the helically coiled tube serves to mix 
the fluid relative to laminar flow in a straight tube, resulting in similar time-temperature 
histories for all the fluid parcels. It is for this reason that coiled tubes are routinely used to 
process and manufacture highly viscous, high value-added fluids, such as pharmaceuticals, 
cosmetics, and personal care products [33]. 


8.8 Flow in Small Channels 


The tubes and channels considered thus far have been characterized by hydraulic diameters 
of conventional size. However, many technologies involve internal flows with channels of 
relatively small dimension. An important motivation for developing microfluidic devices is 
readily evident from inspection of Equations 8.53 and 8.55, as well as Tables 8.1 through 
8.3, where the heat transfer coefficients are inversely proportional to the hydraulic diameter. 
That is, as the channel dimensions are decreased, heat transfer coefficients become large 
[34]. However, care must be taken to consider effects that have not been discussed in the 
preceding sections of this chapter. 


8.8.1 Microscale Convection in Gases (0.1 wm S D, S 100 wm) 


In most situations, unrealistically high gas velocities are required to achieve Rep. = 2300 
in situations involving D, = 100 um. Therefore, one is typically not concerned with turbu- 
lent microscale convection involving gases. 

For very small tubes or channels, the interaction of gas molecules with the tube or 
channel wall may become important. As discussed in Section 3.9.1, conduction through gas 
layers can be affected when the characteristic length of the gas volume is of the same mag- 
nitude as the mean free path of the gas A,,;,. The same holds true for convection in channels 
with very small hydraulic diameters. The various correlations presented in the previous 
sections of this chapter are not expected to apply for gases when D,/A jn) S 100. For air at 
atmospheric temperature and pressure, this limit corresponds to D, <= 10 wm. 

If the situation shown in Figure 3.25 were to involve a bulk flow in the vertical direction, 
the manner in which individual gas molecules scatter from the two solid walls would also 
affect the transfer of momentum throughout the gas and, in turn, the velocity distribution 
within the gas. Since the gas temperature distribution depends on the gas velocity, a momen- 
tum accommodation coefficient a, will influence convection heat transfer rates, as will the 
thermal accommodation coefficient a,of Equation 3.130 [35]. Values of the momentum 
accommodation coefficient are in the range 0 Sa, = 1. Specifically, specular reflection 
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(where the speed of the molecule is unchanged, and the angle of reflection from the surface 
is equal to the angle of incidence on the surface) corresponds to a, = 0. On the other hand, 
diffuse reflection (with no preferred angle of reflection) corresponds to a, = 1. Values of 
a, for air interacting with most engineering surfaces range from 0.87 to unity, while for 
nitrogen, argon, or CO) in silicon channels 0.75 S a, S 0.85 [35]. 

Convection heat transfer in microscale internal gas flow has been analyzed, accounting 
for both thermal and momentum interactions between the gas molecules and the solid 
walls. For laminar, fully developed flow in a circular tube of diameter D with a uniform 
surface heat flux, the Nusselt number may be expressed as [36] 


hD 48 
i= 8.78a 
‘Dk W—-66+2+48F, ie) 
where 
£ = sl, (1+ 38r) (8.78b) 
2-a)a 
p mfp 

Q, = a, D (8.78c) 

2-a 2y Ment 
i= : 78d 


The term y =c,/c, is the ratio of specific heats of the gas. For large tube diameters 
(Armip/D — 0), Nup — 48/11 = 4.36, in agreement with Equation 8.53. 

Similarly, for laminar, fully developed flow in a channel formed by large plates sepa- 
rated by a spacing a, the Nusselt number for uniform and equal plate heat fluxes is [37] 


hD 
Ni 1p (8.79a) 
kK 17-664 (2/3)C +707, 
where 
¢= 61,41 +6.) (8.79b) 


Here, I’, and I’, are defined as in Equations 8.78c,d with D = D,,. For infinitely large plates 
the hydraulic diameter is D,, = 2a and for large plate spacing, A,,",/D;, > 0, Nup — 140/17 = 
8.23, in agreement with Table 8.1. 

The preceding relations may be applied only when the gas flow can be treated as 
incompressible, that is, when the Mach number is small (Ma S 0.3). 


8.8.2 Microscale Convection in Liquids 


Experiments have shown that Equations 8.19 and 8.22a may be applied to laminar liquid flows 
in tubes with diameters as small as 17 xm [38, 39].* These equations are expected to be valid 


>From the discussion of Section 6.3.1, one might anticipate that, since turbulence is characterized by the motion 
of relatively large parcels of fluid in devices of conventional size, Equations 8.2, 8.20, and 8.21 would not be 
applicable for flow in microfluidic devices because the volume of the fluid parcel is restricted by the hydraulic 
diameter of the channel. Nonetheless, careful measurements using various liquids have shown that Equation 8.2 
does indeed hold for liquid flow in tubes with diameters at least as small as 17 wm [39]. 
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for most liquids for hydraulic diameters as small as 1 zm [38, 40]. Convection heat transfer in 
microscale internal flows involving liquids is the subject of ongoing research. The analytical 
results of Chapters 6 and 8 should be used with caution for liquids when D,, = 1 um. 


$.8.3 Nanoscale Convection (D, S 100 nm) 


As the hydraulic diameter approaches D,, ~ 0.1 wm = 100 nm, molecular interactions must, 
in general, be accounted for both in the fluid and in the solid wall. Nanoscale convection is 
an area of current research. 


EXAMPLE 8.7 

SSS, 

Combinatorial chemistry and biology are used in the pharmaceutical and biotechnology 
industries to reduce the time and cost associated with producing new drugs. Scientists desire 
to create large populations of molecules, or libraries, that can be subsequently screened 
en masse. Producing vast libraries increases the probability that novel compounds of signifi- 
cant therapeutic value will be discovered. A crucial variable in producing new compounds is 
the temperature at which the reactants are processed. 

A microreactor chip is fabricated by first coating a 1-mm-thick glass microscope slide 
with a photoresist material. Lines are subsequently etched into the photoresist and a second 
glass plate is attached to the top of the structure, resulting in multiple parallel channels of 
rectangular cross section that are a = 40 um deep, b = 160 wm wide, and L = 20 mm long. 
The spacing between channels is s = 40 wm, so that NV = L/(w + s) = 100 channels are pres- 
ent within the 20mm xX 20mm microreactor. A mixture of two reactants, both initially at 
T,,; = 5°C, is introduced into each channel, and the edges of the chip are maintained at tem- 
peratures 7, = 125°C and T, = 25°C so that the reactants in each channel are subject to a 
unique processing temperature. Flow is induced through the structure by applying an overall 
pressure difference of Ap = 500 kPa. The reactants and the product of reaction have thermo- 
physical properties similar to ethylene glycol. Estimate the time that elapses for the entering 
reactants to come within 1°C of the desired processing temperature. 


SOLUTION 
SSS] 


Known: Dimensions and operating conditions for flow of reactants and product of reac- 
tion in a microreactor. 


Find: Time needed to bring the reactants to within 1°C of the processing temperature. 
Schematic: 


Glass 


b= 160 um 


ous a=40 pm 
Microchannel array 
T, = 125°C 


a we... 


Reactants 
AandB s=40 4m material 


T= 9°C P To = 25°C 
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Assumptions: 

1. Laminar flow. 
. Linear temperature distribution across the width of the microreactor. 
. Steady-state conditions. 


. Incompressible liquid with constant properties. 


an bk WwW NY 


. Negligible viscous dissipation. 


Properties: Table A.5, ethylene glycol (T,, = 288 K): p = 1120.2 kg/m’, ¢, = 2399 Jike*K, 
pL = 2.82 X 10-7 N<s/m’, k = 247 X 10°37 W/m°K, Pr = 269. (T,, = 338 K): p = 1085 kg/m’, 
c, = 2583 J/kg: K, yp = 0.427 X 10°? N-s/m’, k = 261 X 10°* Wim K, Pr = 45.2. 


Analysis: We will bracket the heat transfer and fluid flow behavior by evaluating the 
performance at the extreme processing temperatures. 

The flow of reactants is induced by the applied pressure difference between the inlet and 
outlet of the microreactor. Because of the large variation of the viscosity with temperature, we 
expect the flow rate that is associated with the highest processing temperature to be the largest. 

The perimeter of each microchannel is 


P=2a+2b=2X40X10°m+2X 160 X10 °m=0.4 X 103m 


and the hydraulic diameter of each microchannel is found from Equation 8.66 as 


D _ 4A. 4ab _ 4X40 10°°m X 160 X 10°°m 
"PP 0.4 X 1073 m 


We begin by assuming a relatively short entrance length, to be verified later, so the flow rate 
may be estimated by using the friction factor for fully developed conditions. From Table 8.1 
for b/a = 4, f = 73/Rep,. Substituting this expression into Equation 8.22a, rearranging terms, 
and using properties at T = 125°C (in this equation and those following) results in 


=64X10°m 


_ 2 DjAp_ 2 y (64 x 10-6 m)? X 500 X 103 N/m? 


m 7 = 0.657 m/s 
73 pl 73 0.427 X 10°-7N-s/m? X 20 X 10°37m 
Hence, the Reynolds number is 
o U,D,p _ 0.657 m/s X 64 X 10° m X 1085 kg/m? _ ia 


: ‘ad 0.427 X 10°* N- s/m? 


and the flow is deep in the laminar regime. Equation 8.3 may be used to determine the 
hydrodynamic entrance length, which is 


Xian = 0.05 Dj), Rep = 0.05 X 64 X 10° m X 10.7 = 34.2 X 10 °m 
and the thermal entrance length may be obtained from Equation 8.23, yielding 
Xtar ~ XtanPr = 34.2 X 107° m X 45.2 = 1.55 X 10°? m 


Both entrance lengths occupy less than 10% of the total microchannel length, L = 20 mm. 
Therefore, use of fully developed values of f are justified, and the mass flow rate for the 
T = 125°C microchannel is 


m= pA.uU, = pabu,, = 1085 kg/m? X 40 X 10° m X 160 X 10°° m X 0.657 m/s 
= 4.56 X 10 °kg/s 
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Equation 8.42 may now be used to determine the distance from the entrance of the 
microchannel to the location, x,, where T,,. = 124°C, that is, within 1°C of the surface tem- 
perature. The average heat transfer coefficient, h, is replaced by the fully developed value 
of the heat transfer coefficient, 4, because of the relatively short thermal entrance length. 
From Table 8.1, we see that for b/a = 4, Nup = hD,/k = 4.44. Therefore, 


k =444x 0.261 W/m: K _ 


1.81 X 10* W/m?-K 
D, 64x10 °m 


h~h=Nup 
As expected from our discussion of microscale flows, the convection coefficient is 
very large. 
Rearranging Equation 8.42 yields 


mc | T:—Tmi | __4.56 X 10~% kg/s x 2583 J/kg + K (125 — 5)°C 
A = = 
“Ph LE =f, 0.4 X 1073m X 1.81 X 10¢W/m?2-K_ |. (125 — 124)°C 


M,C. 


=7.79 X 10°-?m 


Therefore, the time needed for the reactant to reach a mean temperature that is within 1°C 
of the processing temperature is 


t. = x,/Un = 7.79 X 103 m/0.657 m/s = 0.012 s <J 


Repeating the calculations for the microchannel associated with the smallest processing tem- 
perature of 25°C yields u,, = 0.0995 m/s, Rep = 0.253, Xia, = 8.09 X 1077 m, x4, = 0.218 X 
10°3m, h = 1.71 X 10* W/m’*K, x, = 0.73 X 10-3 m, and f, = 0.007 s. 


Comments: 


1. The total thickness of the glass (2mm) is 50 times greater than the depth of 
each microchannel, while the thermal conductivity of the glass, kgj,.5 + 1.4 W/m:K 
(Table A.3), is 5 times greater than that of the fluid. The presence of such a small 
amount of fluid is expected to have a negligible effect on the linear temperature distri- 
bution that is established across the chip. The temperature difference across the bottom 
or top surface of each channel is approximately AT = (T, — T,)b/L = (125 — 25)°C X 
(160 X 107° m)/(20 X 107° m) = 0.8°C. 

2. Solving Equation 8.42 over the range 0 = x = L yields the axial variation of the mean 
temperature for the two extreme processing temperature channels, as shown. 
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6.9 Summary 


In this chapter we have considered forced convection heat transfer for an important class of 
problems involving internal flow. Such flows are encountered in numerous applications, and 
you should be able to perform engineering calculations that involve an energy balance and 
appropriate convection correlations. The methodology involves determining whether the 
flow is laminar or turbulent and establishing the length of the entry region. After deciding 
whether you are interested in local conditions (at a particular axial location) or in average 
conditions (for the entire tube), the convection correlation may be selected and used with the 
appropriate form of the energy balance to solve the problem. A summary of the correlations 
is provided in Table 8.4. 

You should test your understanding of related concepts by addressing the following 
questions. 


e What are the salient features of a hydrodynamic entry region? A thermal entry region? 
Are hydrodynamic and thermal entry lengths equivalent? If not, on what do the relative 
lengths depend? 

¢ What are the salient hydrodynamic features of fully developed flow? How is the friction 
factor for fully developed flow affected by wall roughness? 

¢ To what important characteristic of an internal flow is the mean or bulk temperature 
linked? 

e What are the salient thermal features of fully developed flow? 

¢ If fluid enters a tube at a uniform temperature and there is heat transfer to or from the sur- 
face of the tube, how does the convection coefficient vary with distance along the tube? 

¢ For fluid flow through a tube with a uniform surface heat flux, how does the mean tem- 
perature of the fluid vary with distance from the tube entrance in (a) the entrance region 
and (b) the fully developed region? How does the surface temperature vary with dis- 
tance in the entrance and fully developed regions? 

¢ For heat transfer to or from a fluid flowing through a tube with a uniform surface tem- 
perature, how does the mean temperature of the fluid vary with distance from the 
entrance? How does the surface heat flux vary with distance from the entrance? 

e Why is a log mean temperature difference, rather than an arithmetic mean temperature 
difference, used to calculate the total rate of heat transfer to or from a fluid flowing 
through a tube with a constant surface temperature? 

¢ What two equations may be used to calculate the total heat rate to a fluid flowing 
through a tube with a uniform surface heat flux? What two equations may be used to 
calculate the total heat rate to or from a fluid flowing through a tube with a uniform sur- 
face temperature? 

¢ Under what conditions is the Nusselt number associated with internal flow equal to a 
constant value, independent of Reynolds number and Prandtl number? 

¢ Is the average Nusselt number associated with flow through a tube larger than, equal to, 
or less than the Nusselt number for fully developed conditions? Why? 

¢ How is the characteristic length defined for a noncircular tube? 


Several features that complicate internal flows have not been considered in this 
chapter. For example, a situation may exist for which there is a prescribed axial variation in 
T, or gj, rather than uniform surface conditions. Among other things, such a variation 
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would preclude the existence of a fully developed region. There may also exist surface 
roughness effects, circumferential heat flux or temperature variations, widely varying fluid 
properties, or transition flow conditions. For a complete discussion of these effects, the 
literature should be consulted [12, 13, 18, 20, 27]. 


TABLE 8.4 Summary of convection correlations for flow in a circular tube“ 


Correlation Conditions 
f= 64Rep (8.19) Laminar, fully developed 
Nup = 4.36 (8.53) Laminar, fully developed, uniform ¢” 
Nup = 3.66 (8.55) Laminar, fully developed, uniform 7, 
ae _ 9.0668 Gzp (8.57) Laminar, thermal entry (or combined entry with 
Nup = 3.66 4 1+0.04G627 Pr Z 5), uniform T,,Gzp = (D/x) Rep Pr 
3.66 (8.58) Laminar, combined entry, Pr = 0.1, uniform T,, 


+ 0.0499 Gzp tanh(Gzp' 
ue tanh[2.264 Gzp'? + 1.7 Gzp7] pian Se 2 Gzp = (D/x) Rep Pr 


u 
id tanh(2.432 Pr!” Gz") 
1 elD 251 | (8.20)? Turbulent, fully developed 
= —2.0 log + —— 

VF 3.7 ReyVf 

f= (0.790 In Rep — 1.64)? (8.21) Turbulent, fully developed, smooth walls, 
3000 S Rep = 5 X 10° 

Nup = 0.023 Refi Pr" (8.60)° Turbulent, fully developed, 0.6 = Pr = 160, 
Rep = 10,000, (L/D) 210, n = 0.4 for T, > T,, 
and n = 0.3 for T, < T,, 

p \o14 
Nup = 0.027 Ref Pr 3{ — (8.61)° Turbulent, fully developed, 0.7 = Pr = 16,700, 
Ms Rey = 10,000, L/D = 10 
(f/8)(Rep — 1000) Pr ; 
Nup = TERETE (8.62)° Turbulent, fully developed, 0.5 = Pr S 2000, 
1+ 12.7(f18) "(Pr — 1) 3000 < Rep <5 X 10°, (L/D) = 10 

Nup = 4.82 + 0.0185(Rep Pr)°*” (8.64) Liquid metals, turbulent, fully developed, uniform 
qi, 3.6 X 10° S Rey S 9.05 X 10°,3 X 107 S 
Pr=5 X 1077, 10° S Rep Pr = 10° 

Nup = 5.0 + 0.025(Rep Pr)°® (8.65) Liquid metals, turbulent, fully developed, 


uniform T,, Rep Pr = 100 


“Properties in Equations 8.53, 8.55, 8.60, 8.61, 8.62, 8.64, and 8.65 are based on 7,,; properties in Equations 8.19, 8.20, and 8.21 are based on 
T; = (T, + T,,)/2; properties in Equations 8.57 and 8.58 are based on Ty = (Ting + Tyo l2- 

Equation 8.20 pertains to smooth or rough tubes. Equation 8.21 pertains to smooth tubes. 

“As a first approximation, Equations 8.60, 8.61, or 8.62 may be used to evaluate the average Nusselt number Nup over the entire tube length, 
if (L/D) = 10. The properties should then be evaluated at the average of the mean temperature, T,,, = (Lig ED pep) 2s 


“For tubes of noncircular cross section, Rep = D,u,,/v, D,, = 4A,/P, and u,, = ri/pA,. Results for fully developed laminar flow are provided in 
Table 8.1. For turbulent flow, Equation 8.60 may be used as a first approximation. 
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Problems 


and —dp/dx = Ap/L, where Ap is the pressure drop 
across the channel of length L. 


Hydrodynamic Considerations 


8.1 Fully developed conditions are known to exist for water 
flowing through a 25-mm-diameter tube at 0.01 kg/s 
and 27°C. What is the maximum velocity of the water 
in the tube? What is the pressure gradient associated 


8.2 


8.3 


with the flow? 


What is the pressure drop associated with water at 27°C 
flowing with a mean velocity of 0.2 m/s through a 
600-m-long cast iron pipe of 0.15-m inside diameter? 


Water at 27°C flows with a mean velocity of | m/s 
through a 1-km-long pipe of 0.25-m inside diameter. 


(a) Determine the pressure drop over the pipe length 
and the corresponding pump power requirement, if 
the pipe surface is smooth. 


(b) If the pipe is made of cast iron and its surface is 
clean, determine the pressure drop and pump power 
requirement. 


(c)| For the smooth pipe condition, generate a plot of 


8.4 


8.5 


pressure drop and pump power requirement for 
mean velocities in the range from 0.05 to 1.5 m/s. 


An engine oil cooler consists of a bundle of 25 smooth 
tubes, each of length L = 2.5 m and diameter D = 10 mm. 


(a) If oil at 300 K and a total flow rate of 24 kg/s is in 
fully developed flow through the tubes, what is the 
pressure drop and the pump power requirement? 


(b) Compute and plot the pressure drop and pump 
power requirement as a function of flow rate for 
10<mS 30 kg/s. 


For fully developed laminar flow through a parallel- 
plate channel, the x-momentum equation has the form 


(x) _ dp = eat 
yb iy? cs constan 


The purpose of this problem is to develop expressions 
for the velocity distribution and pressure gradient anal- 
ogous to those for the circular tube in Section 8.1. 


(a) Show that the velocity profile, u(y), is parabolic 
and of the form 


2 
=o __¥ 
u(y) _ 2 ud ae 


where u,, is the mean velocity 


a {4p 
Um = ~F5, \ 
12u \dx 


(b) Write an expression defining the friction factor, f, 
using the hydraulic diameter D,, as the characteris- 
tic length. What is the hydraulic diameter for the 
parallel-plate channel? 


(c) The friction factor is estimated from the expression 
f= C/Rep,, where C depends upon the flow cross 
section, as shown in Table 8.1. What is the coeffi- 
cient C for the parallel-plate channel? 


(d) Airflow in a parallel-plate channel with a separation 
of 5 mm and a length of 200 mm experiences a pres- 
sure drop of Ap = 3.75 N/m’. Calculate the mean 
velocity and the Reynolds number for air at atmos- 
pheric pressure and 300 K. Is the assumption of fully 
developed flow reasonable for this application? If 
not, what is the effect on the estimate for u,,,? 


Thermal Entry Length and Energy Balance 
Considerations 


8.6 Consider pressurized water, engine oil (unused), and 


NaK (22%/78%) flowing in a 20-mm-diameter tube. 


(a) Determine the mean velocity, the hydrodynamic 
entry length, and the thermal entry length for each 
of the fluids when the fluid temperature is 366 K 
and the flow rate is 0.01 kg/s. 


(b) Determine the mass flow rate, the hydrodynamic 
entry length, and the thermal entry length for water 
and engine oil at 300 and 400 K and a mean velocity 
of 0.02 m/s. 


8.7 Velocity and temperature profiles for laminar flow in a 


tube of radius r, = 10 mm have the form 


u(r) = 0.1[1 — (/r,)? 
T(r) = 344.8 + 75.0(r/r,) — 18.8(7/r,)4 


8.8 


8.9 


8.10 


a Problems 


with units of m/s and K, respectively. Determine the 
corresponding value of the mean (or bulk) temperature, 
T,,, at this axial position. 


At a particular axial station, velocity and temperature 
profiles for laminar flow in a parallel plate channel have 
the form 


u(y) = 0.75[1 — (y,)"] 
T(y) = 5.0 + 95.66(y/y,)? — 47.83(y/y,)* 


with units of m/s and °C, respectively. 


y 
Yo 5 
Fluid = —> Xx 


Determine corresponding values of the mean velocity, 
u,,, and mean (or bulk) temperature, 7,,. Plot the velocity 
and temperature distributions. Do your values of u,, and 
T,, appear reasonable? 


In Chapter 1, it was stated that for incompressible liquids, 
flow work could usually be neglected in the steady-flow 
energy equation (Equation 1.12d). In the trans-Alaska 
pipeline, the high viscosity of the oil and long distances 
cause significant pressure drops, and it is reasonable 
to question whether flow work would be significant. 
Consider an L = 100km length of pipe of diameter 
D = 1.2m, with oil flow rate m = 500 kg/s. The oil prop- 
erties are p = 900 kg/m’, c, = 2000 J/kg K, ps = 0.765 
N: s/m. Calculate the pressure drop, the flow work, and 
the temperature rise caused by the flow work. 


When viscous dissipation is included, Equation 8.48 
(multiplied by pc,) becomes 


ek al AT) {du 
Pep ax far\' ar) "\ ar 
This problem explores the importance of viscous dissi- 
pation. The conditions under consideration are laminar, 


fully developed flow in a circular pipe, with u given by 
Equation 8.15. 


(a) By integrating the left-hand side over a section of a 
pipe of length L and radius r,, show that this term 
yields the right-hand side of Equation 8.34. 

(b) Integrate the viscous dissipation term over the same 


volume. 


(c) Find the temperature rise caused by viscous dissi- 
pation by equating the two terms calculated above. 
Use the same conditions as in Problem 8.9. 
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8.11 Consider a circular tube of diameter D and length L, 


with a mass flow rate of m. 


(a) For constant heat flux conditions, derive an expres- 
sion for the ratio of the temperature difference 
between the tube wall at the tube exit and the inlet 
temperature, 7,(x = L)—T,,;, to the total heat 
transfer rate to the fluid g. Express your result in 
terms of m, L, the local Nusselt number at the tube 
exit Nup(x = L), and relevant fluid properties. 


(b) Repeat part (a) for constant surface temperature 
conditions. Express your result in terms of m, L, the 
average Nusselt number from the tube inlet to 
the tube exit Nup, and relevant fluid properties. 


8.12 Water enters a tube at 27°C with a flow rate of 


450 kg/h. The heat transfer from the tube wall to the 
fluid is given as q{(W/m) = ax, where the coefficient a 
is 20 W/m? and x (m) is the axial distance from the tube 
entrance. 


(a) Beginning with a properly defined differential con- 
trol volume in the tube, derive an expression for the 
temperature distribution 7,,(x) of the water. 


m 


(b) What is the outlet temperature of the water for a 
heated section 30 m long? 


(c) Sketch the mean fluid temperature, 7,,(x), and the 
tube wall temperature, 7,(x), as a function of dis- 
tance along the tube for fully developed and devel- 
oping flow conditions. 


(d) What value of a uniform wall heat flux, ¢’ (instead 
of gi = ax), would provide the same fluid outlet 
temperature as that determined in part (b)? For this 
type of heating, sketch the temperature distribu- 
tions requested in part (c). 


8.13 Consider flow in a circular tube. Within the test section 


length (between 1 and 2) a constant heat flux gq’ is 
maintained. 


qi = constant 


Flow 
oe 


ie @ 
(a) For the following two cases, sketch the surface tem- 
perature 7,(x) and the fluid mean temperature T,,(x) 
as a function of distance along the test section x. In 


case A, flow is hydrodynamically and thermally 
fully developed. In case B, flow is not developed. 


(b) Assuming that the surface flux g/’and the inlet mean 
temperature T,,, are identical for both cases, will 
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Coolant 


T, 


mi 


Fuel 
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the exit mean temperature T,,, for case A be greater 
than, equal to, or less than T,,,, for case B? Briefly 
explain why. 


Consider a cylindrical nuclear fuel rod of length L and 
diameter D that is encased in a concentric tube. Pressur- 
ized water flows through the annular region between the 
rod and the tube at a rate m, and the outer surface of 
the tube is well insulated. Heat generation occurs within 
the fuel rod, and the volumetric generation rate is known 
to vary sinusoidally with distance along the rod. That 
is, g(x) = q,sin(ax/L), where g,(W/m*) is a constant. A 
uniform convection coefficient ) may be assumed to 
exist between the surface of the rod and the water. 


, —> 
mM, Cy 


rod, D 


q = 4, Sin (xx/L) 


8.15 


8.16 


(a) Obtain expressions for the local heat flux g'(x) and 
the total heat transfer g from the fuel rod to the water. 


(b) Obtain an expression for the variation of the mean 
temperature 7,,(x) of the water with distance x 
along the tube. 


(c) Obtain an expression for the variation of the rod 
surface temperature T,(x) with distance x along the 
tube. Develop an expression for the x-location at 
which this temperature is maximized. 


Consider the laminar thermal boundary layer develop- 
ment near the entrance of the tube shown in Figure 8.4. 
When the hydrodynamic boundary layer is thin relative 
to the tube diameter, the inviscid flow region has a uni- 
form velocity that is approximately equal to the mean 
velocity u,,. Hence the boundary layer development is 
similar to what would occur for a flat plate. 


(a) Beginning with Equation 7.21, derive an expres- 
sion for the local Nusselt number Nup, as a func- 
tion of the Prandtl number Pr and the inverse 
Graetz number Gzj,'. Plot the expression using the 
coordinates shown in Figure 8.10a for Pr = 0.7. 


(b) Beginning with Equation 7.25, derive an expres- 
sion for the average Nusselt number Nup, as a func- 
tion of the Prandtl number Pr and the inverse 
Graetz number Gzp'. Compare your results with 
the Nusselt number for the combined entrance 
length in the limit of small x. 


In a particular application involving fluid flow at a rate 
m through a circular tube of length L and diameter D, 


Rectangular —4 
channel . 


the surface heat flux is known to have a sinusoidal vari- 
ation with x, which is of the form g/(x) = q,,, sin(ax/L). 
The maximum flux, q,,, is a known constant, and the 
fluid enters the tube at a known temperature, T,,,;. 
Assuming the convection coefficient to be constant, 
how do the mean temperature of the fluid and the sur- 
face temperature vary with x? 


8.17 A flat-plate solar collector is used to heat atmospheric 


air flowing through a rectangular channel. The bottom 
surface of the channel is well insulated, while the top 
surface is subjected to a uniform heat flux q’, which is 
due to the net effect of solar radiation absorption and 
heat exchange between the absorber and cover plates. 


% ee 


Transparent 
cover plate 


Absorber 
plate 
|.-— —] 


(a) Beginning with an appropriate differential control 
volume, obtain an equation that could be used to 
determine the mean air temperature T,,(x) as a 
function of distance along the channel. Solve this 
equation to obtain an expression for the mean tem- 
perature of the air leaving the collector. 


(b) With air inlet conditions of m = 0.1 kg/s and 
T,,; = 40°C, what is the air outlet temperature if 


mi 


L=3m, w=1m, and q? = 700 W/m? The spe- 


oO 


cific heat of air is c, = 1008 J/kg: K. 


8.18 Atmospheric air enters the heated section of a circular 


tube at a flow rate of 0.005 kg/s and a temperature of 
20°C. The tube is of diameter D = 50mm, and fully 
developed conditions with h = 25 W/m*:K exist over 
the entire length of L = 3m. 


(a) For the case of uniform surface heat flux at 
q, = 1000 W/m?, determine the total heat transfer 
rate q and the mean temperature of the air leaving 
the tube 7,,,,. What is the value of the surface tem- 
perature at the tube inlet 7,; and outlet T,,,? Sketch 
the axial variation of 7, and 7,,. On the same figure, 
also sketch (qualitatively) the axial variation of T, 
and T,,, for the more realistic case in which the local 
convection coefficient varies with x. 

(b) If the surface heat flux varies linearly with x, such 


that g”(W/m’) = 500x(m), what are the values 


8.19 


8.20 


8.21 


a Problems 


of qd Tings 
T, and T,,. On the same figure, also sketch (qualita- 
tively) the axial variation of T, and T,,, for the more 
realistic case in which the local convection coeffi- 


cient varies with x. 


T,,;, and T,,? Sketch the axial variation of 


s.0* 


(c) For the two heating conditions of parts (a) and (b), 
plot the mean fluid and surface temperatures, T,,(x) 
and T,(x), respectively, as functions of distance 
along the tube. What effect will a fourfold increase 
in the convection coefficient have on the tempera- 


ture distributions? 


(d) For each type of heating process, what heat fluxes 
are required to achieve an air outlet temperature of 


125°C? Plot the temperature distributions. 


Fluid enters a tube with a flow rate of 0.015 kg/s and an 
inlet temperature of 20°C. The tube, which has a length 
of 6m and diameter of 15 mm, has a surface tempera- 
ture of 30°C. 


(a) Determine the heat transfer rate to the fluid if it is 
water. 


(b) Determine the heat transfer rate for the nanofluid of 
Example 2.2. 


Water at 300 K and a flow rate of 5 kg/s enters a black, 
thin-walled tube, which passes through a large furnace 
whose walls and air are at a temperature of 700 K. The 
diameter and length of the tube are 0.25m and 8m, 
respectively. Convection coefficients associated with 
water flow through the tube and airflow over the tube 
are 300 W/m? - K and 50 W/m’: K, respectively. 


Tube, D=0.25m 
L=8m,e€=1 


alin Thy = 700 K 


(a) Write an expression for the linearized radiation 
coefficient corresponding to radiation exchange 
between the outer surface of the pipe and the 
furnace walls. Explain how to calculate this coef- 
ficient if the surface temperature of the tube is 
represented by the arithmetic mean of its inlet 
and outlet values. 


(b) Determine the outlet temperature of the water, 7, 


m,o* 


Slug flow is an idealized tube flow condition for which 
the velocity is assumed to be uniform over the entire 
tube cross section. For the case of laminar slug flow 


8.22 


8.23 


8.24 
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with a uniform surface heat flux, determine the form 
of the fully developed temperature distribution T(r) and 
the Nusselt number Nup. 


Superimposing a control volume that is differential in x 
on the tube flow conditions of Figure 8.8, derive Equa- 
tion 8.45a. 


An experimental nuclear core simulation apparatus 
consists of a long thin-walled metallic tube of diameter 
D and length L, which is electrically heated to produce 
the sinusoidal heat flux distribution 


77 = un” 4 TX 


where x is the distance measured from the tube inlet. 
Fluid at an inlet temperature T,, ; flows through the tube 
at a rate of m. Assuming the flow is turbulent and fully 
developed over the entire length of the tube, develop 
expressions for: 


(a) the total rate of heat transfer, g, from the tube to the 
fluid; 


(b) the fluid outlet temperature, T,,,,; 

(c) the axial distribution of the wall temperature, 7,(x); 
and 

(d) the magnitude and position of the highest wall 
temperature. 

(e)| Consider a 40-mm-diameter tube of 4-m length 


with a sinusoidal heat flux distribution for which 
dg, = 10,000 W/m?. Fluid passing through the tube 
has a flow rate of 0.025 kg/s, a specific heat of 
4180 J/kg-K, an entrance temperature of 25°C, and 
a convection coefficient of 1000 W/m? K. Plot the 
mean fluid and surface temperatures as a function 
of distance along the tube. Identify important fea- 
tures of the distributions. Explore the effect 
of +25% changes in the convection coefficient and 
the heat flux on the distributions. 


Water at 20°C and a flow rate of 0.1 kg/s enters a heated, 
thin-walled tube with a diameter of 15 mm and length of 
2m. The wall heat flux provided by the heating ele- 
ments depends on the wall temperature according to the 
relation 


a (x) = Goll ak: a(T, _ Tyet)] 


where g, = 10° W/m’, a = 0.2K7!, Tip = 20°C, and 
T, is the wall temperature in °C. Assume fully devel- 
oped flow and thermal conditions with a convection 


coefficient of 3000 W/m? - K. 


(a) Beginning with a properly defined differential con- 
trol volume in the tube, derive expressions for the 
variation of the water, 7,,(x), and the wall, 7,(x), 
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temperatures as a function of distance from the 
tube inlet. 


(b) 


Using a numerical integration scheme, calculate 


and plot the temperature distributions, T,,(x) and 
T,(x), on the same graph. Identify and comment on 
the main features of the distributions. Hint: The 
IHT integral function DER(T,,,x) can be used to 
perform the integration along the length of the tube. 


(c) Calculate the total rate of heat transfer to the water. 


Heat Transfer Correlations: Circular Tubes 


8.25 


Engine oil is heated by flowing through a circular tube 
of diameter D=50mm and length L = 25m and 
whose surface is maintained at 150°C. 


(a) If the flow rate and inlet temperature of the oil 
are 0.5 kg/s and 20°C, what is the outlet tempera- 
ture T,,,.2 What is the total heat transfer rate q for 


the tube? 


(b) 


For flow rates in the range 0.5 Sm <2.0kg/s, 


8.26 


compute and plot the variations of T,,, and g with 
m. For what flow rate(s) are g and T,,,, maximized? 
Explain your results. 


Engine oil flows through a 25-mm-diameter tube at a 
rate of 0.5 kg/s. The oil enters the tube at a temperature 
of 25°C, while the tube surface temperature is main- 
tained at 100°C. 


(a) Determine the oil outlet temperature for a 5-m and 
for a 100-m long tube. For each case, compare the 
log mean temperature difference to the arithmetic 
mean temperature difference. 


(b) 


For 5 = L = 100m, compute and plot the average 


8.27 


8.28 


Nusselt number Nup and the oil outlet temperature 
as a function of L. 


In the final stages of production, a pharmaceutical is 
sterilized by heating it from 25 to 75°C as it moves at 
0.2 m/s through a straight thin-walled stainless steel 
tube of 12.7-mm diameter. A uniform heat flux is main- 
tained by an electric resistance heater wrapped around 
the outer surface of the tube. If the tube is 10 m long, 
what is the required heat flux? If fluid enters the tube 
with a fully developed velocity profile and a uniform 
temperature profile, what is the surface temperature 
at the tube exit and at a distance of 0.5m from the 
entrance? Fluid properties may be approximated as p = 
1000 kg/m, c, = 4000 J/kg: K, m = 2 X 10°? kg/s-m, 
k = 0.8 W/m: K, and Pr = 10. 


An oil preheater consists of a single tube of 10-mm 
diameter and 5-m length, with its surface maintained at 
175°C by swirling combustion gases. The engine oil 


8.29 


8.30 


8.31 


(new) enters at 75°C. What flow rate must be supplied 
to maintain an oil outlet temperature of 100°C? What is 
the corresponding heat transfer rate? 


Engine oil flows at a rate of 1 kg/s through a 5-mm- 
diameter straight tube. The oil has an inlet temperature 
of 45°C and it is desired to heat the oil to a mean tem- 
perature of 80°C at the exit of the tube. The surface of 
the tube is maintained at 150°C. Determine the required 
length of the tube. Hint: Calculate the Reynolds num- 
bers at the entrance and exit of the tube before proceed- 
ing with your analysis. 


Air at p=1atm enters a thin-walled (D = 5-mm 
diameter) long tube (L = 2 m) at an inlet temperature of 
T,,; = 100°C. A constant heat flux is applied to the 
air from the tube surface. The air mass flow rate is 
m = 135 X 10 °kg/s. 


(a) If the tube surface temperature at the exit is 
T,. = 160°C, determine the heat rate entering the 


5,0 


tube. Evaluate properties at T = 400 K. 


(b) If the tube length of part (a) were reduced to 
L=0.2m, how would flow conditions at the tube 
exit be affected? Would the value of the heat transfer 
coefficient at the tube exit be greater than, equal to, or 


smaller than the heat transfer coefficient for part (a)? 


(c) If the flow rate of part (a) were increased by a factor 
of 10, would there be a difference in flow conditions 
at the tube exit? Would the value of the heat transfer 
coefficient at the tube exit be greater than, equal 
to, or smaller than the heat transfer coefficient for 


part (a)? 


To cool a summer home without using a vapor- 
compression refrigeration cycle, air is routed through 
a plastic pipe (k = 0.15 W/m-K, D,;=0.15m, D, = 
0.17 m) that is submerged in an adjoining body of water. 
The water temperature is nominally at T,, = 17°C, and a 
convection coefficient of h, ~ 1500 W/m?:K is main- 
tained at the outer surface of the pipe. 


If air from the home enters the pipe at a temperature of 
T»,; = 29°C and a volumetric flow rate of V; = 0.025 m*/s, 


a Problems 


what pipe length L is needed to provide a discharge tem- 
perature of T,,,, = 21°C? What is the fan power required 
to move the air through this length of pipe if its inner sur- 
face is smooth? 


8.32 Batch processes are often used in chemical and phar- 


maceutical operations to achieve a desired chemical 
composition for the final product. Related heat transfer 
processes are typically transient, involving a liquid of 
fixed volume that may be heated from room tempera- 
ture to a desired process temperature, or cooled from 
the process temperature to room temperature. Consider 
a batch process for which a pharmaceutical (the cold 
fluid, c) is poured into an insulated, highly agitated ves- 
sel (a stirred reactor) and heated by passing a hot fluid 
(h) through a submerged heat exchanger coil of thin- 
walled tubing and surface area A,. The flow rate, m,, 
mean inlet temperature, 7;,;, and specific heat, c,,, of 
the hot fluid are known, as are the initial temperature, 
T..; < T,,;, the volume, V,, mass density, p,, and specific 
heat, c,,, of the pharmaceutical. Heat transfer from the 
hot fluid to the pharmaceutical is governed by an over- 
all heat transfer coefficient U. 


fot fiuid 
My Ty, —> 
Coiled tubing 


Pharmaceutical 
Ti) 


c 


Containment vessel 


(a) Starting from basic principles, derive expressions that 
can be used to determine the variation of T, and T,,, 
with time during the heating process. Hint: Two 
equations may be written for the rate of heat transfer, 
q(t), to the pharmaceutical, one based on the log- 
mean temperature difference and the other on an 
energy balance for flow of the hot fluid through the 
tube. Equate these expressions to determine T,,,(f) as 
a function of 7.(4) and prescribed parameters. Use the 
expression for T),,(t) and the energy balance for flow 
through the tube with an energy balance for a control 
volume containing the pharmaceutical to obtain an 
expression for 7,(f). 


(b) Consider a pharmaceutical of volume V, = 1 m*, den- 
sity p, = 1100 kg/m’, specific heat c,,. = 2000 J/kg-K, 
and an initial temperature of T,; = 25°C. A coiled 
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tube of length L = 40m, diameter D = 50 mm, and 
coil diameter C = 500 mm is submerged in the vessel, 
and hot fluid enters the tubing at T,,; = 200°C and 
m, = 2.4kg/s. The convection coefficient at the 
outer surface of the tubing may be approximated 
as h, = 1000 W/m?:K, and the fluid properties 
are c,), = 2500 J/kg-K, py, = 0.002 N:s/m?, k, = 
0.260 W/m:K, and Pr, = 20. For the foregoing 
conditions, compute and plot the pharmaceutical 
temperature 7. and the outlet temperature 7), as a 
function of time over the range 0 =f <= 3600s. 
How long does it take to reach a batch temperature 
of T, = 160°C? The process operator may control 
the heating time by varying m,. For 1 =m, =5 
kg/s, explore the effect of the flow rate on the time 
t. required to reach a value of T, = 160°C. 


8.33 The evaporator section of a heat pump is installed in 


a large tank of water, which is used as a heat source 
during the winter. As energy is extracted from the water, 
it begins to freeze, creating an ice/water bath at 0°C, 
which may be used for air conditioning during the sum- 
mer. Consider summer cooling conditions for which air 
is passed through an array of copper tubes, each of 
inside diameter D = 50 mm, submerged in the bath. 


(a) If air enters each tube at a mean temperature of 
Tg = 24°C and a flow rate of m = 0.01 kg/s, what 
tube length L is needed to provide an exit tempera- 
ture of T,,,, = 14°C? With 10 tubes passing through 
a tank of total volume V = 10 m*, which initially 
contains 80% ice by volume, how long would it 
take to completely melt the ice? The density and 
latent heat of fusion of ice are 920kg/m* and 


3.34 X 10° J/kg, respectively. 


(b)|The air outlet temperature may be regulated by 


adjusting the tube mass flow rate. For the tube 
length determined in part (a), compute and plot T,,,, 
as a function of m for 0.005 = m = 0.05 kg/s. If the 
dwelling cooled by this system requires approxi- 
mately 0.05 kg/s of air at 16°C, what design and 
operating conditions should be prescribed for the 


system? 


8.34 A liquid food product is processed in a continuous- 


flow sterilizer. The liquid enters the sterilizer at a tem- 
perature and flow rate of T,,;, = 20°C, m= 1kg/s, 
respectively. A time-at-temperature constraint requires 
that the product be held at a mean temperature of 
T,, = 90°C for 10s to kill bacteria, while a second con- 
straint is that the local product temperature cannot 
exceed T,,,, = 230°C in order to preserve a pleasing 
taste. The sterilizer consists of an upstream, L, = 5m 
heating section characterized by a uniform heat flux, 


544. 


Food product , 
= 20°C |. 
m=1lkg/s | 4,=5M 


T, 


mi 
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an intermediate insulated sterilizing section, and a 
downstream cooling section of length L, = 10m. The 
cooling section is composed of an uninsulated tube 
exposed to a quiescent environment at 7., = 20°C. 
The thin-walled tubing is of diameter D = 40mm. 
Food properties are similar to those of liquid water 
at T = 330K. 


Heating Insulated 


section sterilizing section Cooling section 


L,=10m—+ 
D=40 mm 


(a) What heat flux is required in the heating section to 
ensure a maximum mean product temperature of 
T, = 90°C? 

Determine the location and value of the maximum 
local product temperature. Is the second constraint 
satisfied? 


(b) 


(c) Determine the minimum length of the sterilizing 
section needed to satisfy the time-at-temperature 


constraint. 


(d) Sketch the axial distribution of the mean, surface, 
and centerline temperatures from the inlet of the 


heating section to the outlet of the cooling section. 


Water flowing at 2 kg/s through a 40-mm-diameter tube 
is to be heated from 25 to 75°C by maintaining the 
tube surface temperature at 100°C. 


(a) What is the required tube length for these conditions? 


(b) 


To design a water heating system, we wish to con- 


sider using tube diameters in the range from 30 to 
50mm. What are the required tube lengths for 
water flow rates of 1, 2, and 3 kg/s? Represent this 
design information graphically. 


(c)| Plot the pressure gradient as a function of tube dia- 
meter for the three flow rates. Assume the tube wall 


is smooth. 


Consider the conditions associated with the hot water 
pipe of Problem 7.56, but now account for the convec- 
tion resistance associated with water flow at a mean 
velocity of u,, = 0.5 m/s in the pipe. What is the corre- 
sponding daily cost of heat loss per meter of the unin- 
sulated pipe? 


A thick-walled, stainless steel (AISI 316) pipe of inside 
and outside diameters D; = 20 mm and D, = 40 mm is 
heated electrically to provide a uniform heat generation 
rate of g = 10° W/m”. The outer surface of the pipe is 
insulated, while water flows through the pipe at a rate 
of m = 0.1 kg/s. 
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(a) If the water inlet temperature is T,,,; = 20°C and the 
desired outlet temperature is T,,,, = 40°C, what is 
the required pipe length? 

(b) What are the location and value of the maximum 
pipe temperature? 


An air heater for an industrial application consists of an 
insulated, concentric tube annulus, for which air flows 
through a thin-walled inner tube. Saturated steam flows 
through the outer annulus, and condensation of the steam 
maintains a uniform temperature 7, on the tube surface. 


ra ae Po 


Insulation ag 


Air 


mi Pi 


steam, 752: 
Consider conditions for which air enters a 50-mm- 
diameter tube at a pressure of 5 atm, a temperature of 
Ti = 17°C, and a flow rate of m= 0.03 kg/s, while 
saturated steam at 2.455 bars condenses on the outer 
surface of the tube. If the length of the annulus is 
L = 5m, what are the outlet temperature T,,,, and pres- 
sure p, of the air? What is the mass rate at which con- 
densate leaves the annulus? 


Consider fully developed conditions in a circular tube 
with constant surface temperature T, < T,,. Determine 
whether a small- or large-diameter tube is more effec- 
tive in minimizing heat loss from the flowing fluid 
characterized by a mass flow rate of m. Consider both 


laminar and turbulent conditions. 


Consider the encased pipe of Problem 4.29, but now 
allow for the difference between the mean temperature 
of the fluid, which changes along the pipe length, and 
that of the pipe. 


(a) For the prescribed values of k, D, w, h, and T,, and a 
pipe of length L = 100 m, what is the outlet temper- 
ature T,,,, of water that enters the pipe at a tempera- 
= 90°C and a flow rate of m = 2 kg/s? 


ture of T,,; 
(b) What is the pressure drop of the water and the cor- 
responding pump power requirement? 


(c)| Subject to the constraint that the width of the duct is 
fixed at w = 0.30 m, explore the effects of the flow 
rate and the pipe diameter on the outlet temperature. 
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Water flows through a thick-walled tube with an inner 
diameter of 12mm and a length of 8m. The tube is 
immersed in a well-stirred, hot reaction tank maintained 
at 85°C, and the conduction resistance of the tube wall 
(based on the inner surface area) is R”, = 0.002 m*: K/W. 
The inlet temperature of the process fluid is T,,,; = 20°C, 
and the flow rate is 33 kg/h. 


(a) Estimate the outlet temperature of the process fluid, 
T,,,9. Assume, and then justify, fully developed flow 


m,o* 


and thermal conditions within the tube. 


(b) Do you expect T,,,, to increase or decrease if com- 
bined thermal and hydrodynamic entry conditions 
exist within the tube? Estimate the outlet tempera- 
ture of the water for this condition. 


Atmospheric air enters a 10-m-long, 150-mm-diameter 

uninsulated heating duct at 60°C and 0.04kg/s. The 

duct surface temperature is approximately constant at 

T, = 15°C. 

(a) What are the outlet air temperature, the heat rate g, 
and pressure drop Ap for these conditions? 


To illustrate the tradeoff between heat transfer rate 


(b) 


and pressure drop considerations, calculate q and 
Ap for diameters in the range from 0.1 to 0.2 m. In 
your analysis, maintain the total surface area, 
A, = 7DL, at the value computed for part (a). Plot 
q, Ap, and L as a function of the duct diameter. 


NaK (45%/55%), which is an alloy of sodium and potas- 
sium, is used to cool fast neutron nuclear reactors. The 
NaK flows at a rate of 7 = 1 kg/s through a D = 50-mm- 
diameter tube that has a surface temperature of 
T, = 450K. The NaK enters the tube at T7,,; = 332K 
and exits at an outlet temperature of T,,,, = 400K. 
Determine the tube length L and the local convective 
heat flux at the tube exit. 


The products of combustion from a burner are routed to 
an industrial application through a thin-walled metallic 
duct of diameter D; = 1 m and length L = 100m. The 
gas enters the duct at atmospheric pressure and a 
mean temperature and velocity of T,,; = 1600K and 
Uu,,; = 10 m/s, respectively. It must exit the duct at a 
temperature that is no less than T7,,,, = 1400 K. What is 
the minimum thickness of an alumina-silica insulation 
(Kins = 0.125 W/m-+K) needed to meet the outlet 
requirement under worst case conditions for which the 
duct is exposed to ambient air at T,, = 250K and a 
cross-flow velocity of V = 15 m/s? The properties of 
the gas may be approximated as those of air, and as a 
first estimate, the effect of the insulation thickness on 
the convection coefficient and thermal resistance asso- 
ciated with the cross flow may be neglected. 
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Liquid mercury at 0.5 kg/s is to be heated from 300 to 
400 K by passing it through a 50-mm-diameter tube 
whose surface is maintained at 450 K. Calculate the 
required tube length by using an appropriate liquid 
metal convection heat transfer correlation. Compare 
your result with that which would have been obtained 
by using a correlation appropriate for Pr = 0.7. 


The surface of a 50-mm-diameter, thin-walled tube is 
maintained at 100°C. In one case air is in cross flow 
over the tube with a temperature of 25°C and a velocity 
of 30 m/s. In another case air is in fully developed flow 
through the tube with a temperature of 25°C and a mean 
velocity of 30 m/s. Compare the heat flux from the tube 
to the air for the two cases. 


Consider a horizontal, thin-walled circular tube of 
diameter D = 0.025 m submerged in a container of n- 
octadecane (paraffin), which is used to store thermal 
energy. As hot water flows through the tube, heat is 
transferred to the paraffin, converting it from the solid 
to liquid state at the phase change temperature of 
T.. = 27.4°C. The latent heat of fusion and density 
of paraffin are hy=244kJ/kg and p= 770 kg/m’, 
respectively, and thermophysical properties of the water 
may be taken as c, = 4.185 kJ/kg: K, k = 0.653 W/m: K, 
p. = 467 X 10° kg/s:m, and Pr = 2.99. 


(a) Assuming the tube surface to have a uniform tem- 
perature corresponding to that of the phase change, 
determine the water outlet temperature and total heat 
transfer rate for a water flow rate of 0.1 kg/s and an 
inlet temperature of 60°C. If H = W = 0.25 m, how 
long would it take to completely liquefy the paraffin, 
from an initial state for which all the paraffin is solid 
and at 27.4°C? 


(b) 


The liquefaction process can be accelerated by 


increasing the flow rate of the water. Compute 
and plot the heat rate and outlet temperature as a 
function of flow rate for 0.1 <= m < 0.5 kg/s. How 
long would it take to melt the paraffin for 
m = 0.5 kg/s? 
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Consider pressurized liquid water flowing at m = 0.1 kg/s 
in a circular tube of diameter D = 0.1m and length 
L=6m. 


(a) If the water enters at T,,; = 500 K and the surface 
temperature of the tube is T, = 510K, determine 


the water outlet temperature T,,, ,. 


If the water enters at T,,; = 300K and the surface 
temperature of the tube is 7, = 310K, determine 


the water outlet temperature 7, 


m,o* 


(b) 


(c) If the water enters at T,,; = 300K and the surface 
temperature of the tube is 7, = 647K, discuss 


whether the flow is laminar or turbulent. 


Cooling water flows through the 25.4-mm-diameter 
thin-walled tubes of a steam condenser at | m/s, and a 
surface temperature of 350 K is maintained by the con- 
densing steam. The water inlet temperature is 290 K, 
and the tubes are 5 m long. 


(a) What is the water outlet temperature? Evaluate 
water properties at an assumed average mean tem- 


perature, T,, = 300 K. 


Was the assumed value for T,, reasonable? If not, 
repeat the calculation using properties evaluated at 
a more appropriate temperature. 


(b) 


(©) 


A range of tube lengths from 4 to 7 m is available 
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to the engineer designing this condenser. Generate 
a plot to show what coolant mean velocities are 
possible if the water outlet temperature is to remain 
at the value found for part (b). All other conditions 
remain the same. 


The air passage for cooling a gas turbine vane can be 
approximated as a tube of 3-mm diameter and 75-mm 
length. The operating temperature of the vane is 650°C, 
and air enters the tube at 427°C. 


(a) For an airflow rate of 0.18 kg/h, calculate the air 
outlet temperature and the heat removed from the 
vane. 


(b) 


Generate a plot of the air outlet temperature as a 
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function of flow rate for 0.1 = m < 0.6 kg/h. Com- 
pare this result with those for vanes having 2- and 
4-mm-diameter tubes, with all other conditions 
remaining the same. 


The core of a high-temperature, gas-cooled nuclear reac- 
tor has coolant tubes of 20-mm diameter and 780-mm 
length. Helium enters at 600 K and exits at 1000 K when 
the flow rate is 8 X 10~* kg/s per tube. 


(a) Determine the uniform tube wall surface tempera- 
ture for these conditions. 


8.52 


8.53 


8.54 


8.55 


(b) If the coolant gas is air, determine the required flow 
rate if the heat removal rate and tube wall surface 
temperature remain the same. What is the outlet 
temperature of the air? 


Air at 200 kPa enters a 2-m-long, thin-walled tube of 
25-mm diameter at 150°C and 6 m/s. Steam at 20 bars 
condenses on the outer surface. 


(a) Determine the outlet temperature and pressure drop 
of the air, as well as the rate of heat transfer to the air. 


(b) Calculate the parameters of part (a) if the pressure 
of the air is doubled. 


Heated air required for a food-drying process is 
generated by passing ambient air at 20°C through long, 
circular tubes (D = 50mm, L=5m) housed in a 
steam condenser. Saturated steam at atmospheric pres- 
sure condenses on the outer surface of the tubes, main- 
taining a uniform surface temperature of 100°C. 


(a) If an airflow rate of 0.01 kg/s is maintained in each 
tube, determine the air outlet temperature T,,,, and 
the total heat rate q for the tube. 


(b) 


The air outlet temperature may be controlled by 


adjusting the tube mass flow rate. Compute and 
plot T,,, as a function of m for 0.005 =ms 
0.050 kg/s. If a particular drying process requires 
approximately | kg/s of air at 75°C, what design 
and operating conditions should be prescribed for 
the air heater, subject to the constraint that the tube 
diameter and length be fixed at 50mm and 5m, 
respectively? 


Consider laminar flow of a fluid with Pr =4 that 
undergoes a combined entrance process within a con- 
stant surface temperature tube of length L < x;,, with a 
flow rate of m. An engineer suggests that the total heat 
transfer rate can be improved if the tube is divided into 
N shorter tubes, each of length Ly = L/N with a flow 
rate of m/N. Determine an expression for the ratio of 
the heat transfer coefficient averaged over the N tubes, 
each experiencing a combined entrance process, to the 
heat transfer coefficient averaged over the single tube, 
hpx/hp,.- 


A common procedure for cooling a high-performance 
computer chip involves joining the chip to a heat sink 
within which circular microchannels are machined. 
During operation, the chip produces a uniform heat 
flux q!' at its interface with the heat sink, while a liquid 
coolant (water) is routed through the channels. Con- 
sider a square chip and heat sink, each L on a side, 
with microchannels of diameter D and pitch S$ = C,D, 
where the constant C; is greater than unity. Water is 
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a Problems 


T,,; and a total mass 


mi 


supplied at an inlet temperature 


flow rate m (for the entire heat sink). 


Microchannel 
heat sink 


(a) Assuming that q” is dispersed in the heat sink such 
that a uniform heat flux g/ is maintained at the sur- 
face of each channel, obtain expressions for the 
longitudinal distributions of the mean fluid, 7,,(x), 
and surface, 7,(x), temperatures in each channel. 
Assume laminar, fully developed flow throughout 
each channel, and express your results in terms of 
m, qv, C\, D, and/or L, as well as appropriate ther- 
mophysical properties. 

For L = 12 mm, D = 1 mn, C, = 2, g! = 20 Wem’, 
m = 0.010kg/s, and T,,,; = 290 K, compute and plot 
the temperature distributions 7,,,(x) and T,(x). 


(b) 


(c) 


A common objective in designing such heat sinks 


is to maximize gq” while maintaining the heat sink at 
an acceptable temperature. Subject to prescribed 
values of L = 12mm and T,,; = 290K and the 
constraint that T, max <= 50°C, explore the effect on 
qd. of variations in heat sink design and operating 


conditions. 


One way to cool chips mounted on the circuit boards of 
a computer is to encapsulate the boards in metal frames 
that provide efficient pathways for conduction to sup- 
porting cold plates. Heat generated by the chips is then 
dissipated by transfer to water flowing through pas- 
sages drilled in the plates. Because the plates are made 
from a metal of large thermal conductivity (typically 
aluminium or copper), they may be assumed to be at a 
temperature, T,... 


p=latm, T.,=7°C 
u,, = 10 m/s 


8.57 


8.58 


8.59 


347 


Coolant passages 


Water D=10mm,N=10 
Tn i =7°C 
m, = 0.2 | LZ W = 350 mm 
Cold plate ZA H=750 mm 
Ts cp = 32°C ——— nl 
Air 


Circuit board frames 
Tech = ATC, Nob =10 


(a) Consider circuit boards attached to cold plates of 
height H = 750mm and width L = 600 mm, each 
with N= 10 holes of diameter D = 10mm. If 
operating conditions maintain plate temperatures of 
Typ = 32°C with water flow at m, = 0.2 kg/s per 
passage and T,,; = 7°C, how much heat may be dis- 


sipated by the circuit boards? 


(b) To enhance cooling, thereby allowing increased 
power generation without an attendant increase in 
system temperatures, a hybrid cooling scheme may 
be used. The scheme involves forced airflow over the 
encapsulated circuit boards, as well as water flow 
through the cold plates. Consider conditions for 
which N,, = 10 circuit boards of width W = 350 mm 
are attached to the cold plates and their average sur- 
face temperature is T, ,, = 47°C when T,,. = 32°C. If 
air is in parallel flow over the plates with u.. = 10 m/s 
and T,, = 7°C, how much of the heat generated by 


the circuit boards is transferred to the air? 


Refrigerant-134a is being transported at 0.1 kg/s 
through a Teflon tube of inside diameter D; = 25 mm 
and outside diameter D, = 28 mm, while atmospheric 
air at V = 25 m/s and 300K is in cross flow over the 
tube. What is the heat transfer per unit length of tube to 
Refrigerant-134a at 240 K? 


Oil at 150°C flows slowly through a long, thin-walled 
pipe of 30-mm inner diameter. The pipe is suspended 
in a room for which the air temperature is 20°C and 
the convection coefficient at the outer tube surface 
is 11 W/m?:K. Estimate the heat loss per unit length 
of tube. 


Exhaust gases from a wire processing oven are dis- 
charged into a tall stack, and the gas and stack surface 
temperatures at the outlet of the stack must be estimated. 
Knowledge of the outlet gas temperature T,,,, is useful 
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for predicting the dispersion of effluents in the thermal 
plume, while knowledge of the outlet stack surface tem- 
perature T,,, indicates whether condensation of the gas 
products will occur. The thin-walled, cylindrical stack is 
0.5 m in diameter and 6.0 m high. The exhaust gas flow 
rate is 0.5 kg/s, and the inlet temperature is 600°C. 


Thermal plume 


Outlet pom - ~ _ 
Diameter, | ~ 7 
0.5m ft 
| Stack] Height, 6 m 
Building 


‘ —= 
7 
L ~Stack base ol 


Inlet-'- - + - 


(a) Consider conditions for which the ambient air tem- 
perature and wind velocity are 4°C and 5m/s, 
respectively. Approximating the thermophysical 
properties of the gas as those of atmospheric air, 
estimate the outlet gas and stack surface tempera- 
tures for the given conditions. 


(b) 


The gas outlet temperature is sensitive to variations 
in the ambient air temperature and wind velocity. 
For T.,, = —25°C, 5°C, and 35°C, compute and plot 
the gas outlet temperature as a function of wind 
velocity for2 = V = 10 m/s. 


8.60 A hot fluid passes through a thin-walled tube of 10-mm 


diameter and 1-m length, and a coolant at T,, = 25°C 
is in cross flow over the tube. When the flow rate is 
m = 18 kg/h and the inlet temperature is T,,; = 85°C, 
the outlet temperature is T,,,, = 78°C. 


m,o 


Tube, D= 10mm, 
L=l1m 


Coolant 
T., = 25°C 


Typ = 18°C 


mo 


i= 18 kg/h 
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Assuming fully developed flow and thermal conditions 
in the tube, determine the outlet temperature, T,,,,, if 
the flow rate is increased by a factor of 2. That is, 
m = 36 kg/h, with all other conditions the same. The 
thermophysical properties of the hot fluid are p= 
1079 kg/m’, c, = 2637 J/kg-K, w = 0.0034 N-s/m?, and 
k = 0.261 W/m-K. 


Consider a thin-walled tube of 10-mm diameter and 
2-m length. Water enters the tube from a large reservoir 
at m = 0.2 kg/s and T,,; = 47°C. 


(a) If the tube surface is maintained at a uniform temper- 
ature of 27°C, what is the outlet temperature of the 
water, T,,,.? To obtain the properties of water, assume 


an average mean temperature of T,,, = 300 K. 


(b) What is the exit temperature of the water if it is heated 
by passing air at T,, = 100°C and V = 10 m/s in cross 
flow over the tube? The properties of air may be eval- 


uated at an assumed film temperature of T; = 350 K. 


(c) In the foregoing calculations, were the assumed 
values of 7, and T; appropriate? If not, use prop- 
erly evaluated properties and recompute 7,,, , for the 


mo 
conditions of part (b). 


Water at a flow rate of 7 = 0.215 kg/s is cooled from 
70°C to 30°C by passing it through a thin-walled tube 
of diameter D = 50mm and maintaining a coolant at 
T., = 15°C in cross flow over the tube. 


(a) What is the required tube length if the coolant is air 
and its velocity is V = 20 m/s? 


(b) What is the tube length if the coolant is water and 
V=2m/s? 


The problem of heat losses from a fluid moving through 
a buried pipeline has received considerable attention. 
Practical applications include the trans-Alaska pipeline, 
as well as power plant steam and water distribution lines. 
Consider a steel pipe of diameter D that is used to trans- 
port oil flowing at a rate m, through a cold region. The 
pipe is covered with a layer of insulation of thickness ¢ 
and thermal conductivity k; and is buried in soil to a 
depth z (distance from the soil surface to the pipe center- 
line). Each section of pipe is of length L and extends 
between pumping stations in which the oil is heated to 
ensure low viscosity and hence low pump power require- 
ments. The temperature of the oil entering the pipe from 
a pumping station and the temperature of the ground 
above the pipe are designated as T,, ; and T,, respectively, 
and are known. 

Consider conditions for which the oil (0) properties 
may be approximated as p, = 900 kg/m’, Cpo = 2000 
J/kg-K, v, = 8.5 X 10-4 m7/s, k, = 0.140 W/m-K, 


a Problems 


Pr, = 10°; the oil flow rate is riz, = 500 kg/s; and the 
pipe diameter is 1.2 m. 


(a) Expressing your results in terms of D, L, z, t, m,, 
T,,, and T,, as well as the appropriate oil (0), insula- 
tion (i), and soil (s) properties, obtain all the expres- 
sions needed to estimate the temperature T,,,, of the 


oil leaving the pipe. 


If T, = —40°C, T,,; = 120°C, t= 0.15 m, k; = 0.05 
W/m: K, k, = 0.5 W/m-K, z = 3m, and L = 100 km, 
what is the value of T,,,,? What is the total rate of 


heat transfer g from a section of the pipeline? 


(b) 


(c) 


The operations manager wants to know the trade- 
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off between the burial depth of the pipe and insula- 
tion thickness on the heat loss from the pipe. 
Develop a graphical representation of this design 
information. 


To maintain pump power requirements per unit flow rate 
below an acceptable level, operation of the oil pipeline of 
Problem 8.63 is subject to the constraint that the oil exit 
temperature T,,,, exceed 110°C. For the values of T,,,;, T,, 
D, t;, z, L, and k; prescribed in Problem 8.63, operating 
parameters that are variable and affect T,,,,, are the ther- 
mal conductivity of the soil and the flow rate of the oil. 
Depending on soil composition and moisture and the 
demand for oil, representative variations are 0.25 = k, = 
1.0 W/m: K and 250 = m, = 500 kg/s. Using the proper- 
ties prescribed in Problem 8.63, determine the effect of 
the foregoing variations on T,,,, and the total heat rate q. 
What is the worst case operating condition? If necessary, 
what adjustments could be made to ensure that T,,,, = 
110°C for the worst case conditions? 


Consider a thin-walled, metallic tube of length L = 1m 
and inside diameter D; = 3 mm. Water enters the tube 
at m = 0.015 kg/s and T,,; = 97°C. 


(a) What is the outlet temperature of the water if the 
tube surface temperature is maintained at 27°C? 

(b) If a 0.5-mm-thick layer of insulation of k = 0.05 

W/m: K is applied to the tube and its outer surface 

is maintained at 27°C, what is the outlet tempera- 


ture of the water? 


(c) If the outer surface of the insulation is no longer 
maintained at 27°C but is allowed to exchange heat 
by free convection with ambient air at 27°C, what is 
the outlet temperature of the water? The free convec- 


tion heat transfer coefficient is 5 W/m?-K. 


A circular tube of diameter D = 0.2 mm and length L = 
100 mm imposes a constant heat flux of g” = 20 < 10° 
W/m? on a fluid with a mass flow rate of m = 0.1 g/s. 
For an inlet temperature of T,,; = 29°C, determine the 
tube wall temperature at x = L for pure water. Evaluate 
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Water 
m = 0.2 kg/s 


8.70 
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fluid properties at T = 300 K. For the same conditions, 
determine the tube wall temperature at x = L for the 
nanofluid of Example 2.2. 


Repeat Problem 8.66 for a circular tube of diameter 
D = 2mm, an applied heat flux of g" = 200,000 W/m’, 
and a mass flow rate of m = 10 g/s. 


Heat is to be removed from a reaction vessel operating 
at 75°C by supplying water at 27°C and 0.12 kg/s 
through a thin-walled tube of 15-mm diameter. The 
convection coefficient between the tube outer surface 
and the fluid in the vessel is 3000 W/m?: K. 


(a) If the outlet water temperature cannot exceed 47°C, 
what is the maximum rate of heat transfer from the 
vessel? 


(b) What tube length is required to accomplish the heat 
transfer rate of part (a)? 


A heating contractor must heat 0.2 kg/s of water from 
15°C to 35°C using hot gases in cross flow over a thin- 
walled tube. 


T,, = 250 to 500°C 


‘ 
\. 


D = 20, 30, or 40 mm 


T,,; = 15°C 


mi 


Your assignment is to develop a series of design graphs 
that can be used to demonstrate acceptable combinations 
of tube dimensions (D and L) and of hot gas conditions 
(T,, and V) that satisfy this requirement. In your analysis, 
consider the following parameter ranges: D = 20, 30, or 
40 mm; L = 3, 4, or 6m; T., = 250, 375, or 500°C; and 
20=V=40m/s. 


A thin-walled tube with a diameter of 6 mm and length 
of 20 m is used to carry exhaust gas from a smoke stack 
to the laboratory in a nearby building for analysis. The 
gas enters the tube at 200°C and with a mass flow rate 
of 0.003 kg/s. Autumn winds at a temperature of 15°C 
blow directly across the tube at a velocity of 5 m/s. 
Assume the thermophysical properties of the exhaust 
gas are those of air. 
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(a) Estimate the average heat transfer coefficient for 
the exhaust gas flowing inside the tube. 


(b) Estimate the heat transfer coefficient for the air 
flowing across the outside of the tube. 


(c) Estimate the overall heat transfer coefficient U 
and the temperature of the exhaust gas when it 
reaches the laboratory. 


A 50-mm-diameter, thin-walled metal pipe covered 
with a 25-mm-thick layer of insulation (0.085 W/m: K) 
and carrying superheated steam at atmospheric pres- 
sure is suspended from the ceiling of a large room. The 
steam temperature entering the pipe is 120°C, and the 
air temperature is 20°C. The convection heat transfer 
coefficient on the outer surface of the covered pipe 
is 10 W/m?:K. If the velocity of the steam is 10 m/s, 
at what point along the pipe will the steam begin 
condensing? 


A thin-walled, uninsulated 0.3-m-diameter duct is used 
to route chilled air at 0.05 kg/s through the attic of a 
large commercial building. The attic air is at 37°C, and 
natural circulation provides a convection coefficient of 
2 W/m’: K at the outer surface of the duct. If chilled air 
enters a 15-m-long duct at 7°C, what is its exit tempera- 
ture and the rate of heat gain? Properties of the chilled 
air may be evaluated at an assumed average tempera- 
ture of 300 K. 


Pressurized water at T,,;= 200°C is pumped at 
m = 2 kg/s from a power plant to a nearby industrial 
user through a thin-walled, round pipe of inside dia- 
meter D = 1m. The pipe is covered with a layer of 
insulation of thickness ¢ = 0.15m and thermal con- 
ductivity k = 0.05 W/m-K. The pipe, which is of 
length L = 500 m, is exposed to a cross flow of air at 
T.. = —10°C and V=4m/s. Obtain a differential 
equation that could be used to solve for the variation 
of the mixed mean temperature of the water T,,(x) with 
the axial coordinate. As a first approximation, the 
internal flow may be assumed to be fully developed 
throughout the pipe. Express your results in terms of 
m, V, T.,, D, t, k, and appropriate water (w) and air (a) 
properties. Evaluate the heat loss per unit length of 
the pipe at the inlet. What is the mean temperature 
of the water at the outlet? 


Water at 290K and 0.2kg/s flows through a Teflon 
tube (k = 0.35 W/m:K) of inner and outer radii equal 
to 10 and 13 mm, respectively. A thin electrical heating 
tape wrapped around the outer surface of the tube deliv- 
ers a uniform surface heat flux of 2000 W/m”, while a 
convection coefficient of 25 W/m*:K is maintained on 
the outer surface of the tape by ambient air at 300 K. 
What is the fraction of the power dissipated by the tape, 
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which is transferred to the water? What is the outer sur- 
face temperature of the Teflon tube? 


The temperature of flue gases flowing through the 
large stack of a boiler is measured by means of a ther- 
mocouple enclosed within a cylindrical tube as shown. 
The tube axis is oriented normal to the gas flow, and 
the thermocouple senses a temperature 7, correspond- 
ing to that of the tube surface. The gas flow rate and 
temperature are designated as m, and T,, respectively, 
and the gas flow may be assumed to be fully devel- 
oped. The stack is fabricated from sheet metal that is at 
a uniform temperature 7, and is exposed to ambient air 
at T,, and large surroundings at T,,,. The convection 
coefficient associated with the outer surface of the duct 
is designated as h,, while those associated with the 
inner surface of the duct and the tube surface are 
designated as h; and h,, respectively. The tube and 
duct surface emissivities are designated as e, and «,, 
respectively. 


Stack 


Surroundings 


Ambient 
Thermocouple ‘ | 
tube =| air, T., t— Tur 
Ease, 
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(a) Neglecting conduction losses along the thermocou- 
ple tube, develop an analysis that could be used to 
predict the error (7, — T,) in the temperature mea- 
surement. 


(b) Assuming the flue gas to have the properties of 
atmospheric air, evaluate the error for T, = 300°C, 
D, = 0.6m, D, = 10mm, m, = 1 kg/s, T.. = Toye = 
27°C, €, = €, = 0.8, and h, = 25 W/m?:K. 


In a biomedical supplies manufacturing process, a 
requirement exists for a large platen that is to be main- 
tained at 45 + 0.25°C. The proposed design features 
the attachment of heating tubes to the platen at a 
relative spacing S. The thick-walled, copper tubes have 
an inner diameter of D; = 8mm and are attached to 
the platen with a high thermal conductivity solder, 
which provides a contact width of 2D,. The heating 
fluid (ethylene glycol) flows through each tube at a 
fixed rate of m = 0.06 kg/s. The platen has a thickness 
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of w = 25mm and is fabricated from a stainless steel 
with a thermal conductivity of 15 W/m-K. 
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Considering the two-dimensional cross section of the 
platen shown in the inset, perform an analysis to determine 
the heating fluid temperature T,, and the tube spacing S 
required to maintain the surface temperature of the platen, 
T(x, w), at 45 + 0.25°C, when the ambient temperature is 


25°C and the convection coefficient is 100 W/m: K. 
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Consider the ground source heat pump of Problem 


5.100 under winter conditions for which the liquid is 
discharged from the heat pump into high-density poly- 
ethylene tubing of thickness tf = 8 mm and thermal con- 
ductivity k = 0.47 W/m: K. The tubing is routed through 
soil that maintains a uniform temperature of approxi- 
mately 10°C at the tube outer surface. The properties of 
the fluid may be approximated as those of water. 


Polyethylene tubing 
(k, t, Dj, L) 


(a) For a tube inner diameter and flow rate of D; = 
25mm and m = 0.03 kg/s and a fluid inlet temper- 
ature of T,,; = O°C, determine the tube outlet tem- 
perature (heat pump inlet temperature), T,,,, as a 


function of the tube length L for 10 = L = 50m. 
(b) Recommend an appropriate length for the system. 
How would your recommendation be affected by 


variations in the liquid flow rate? 
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8.78 For a sharp-edged inlet and a combined entry region, 


the average Nusselt number may be computed from 
Equation 8.63, with C = 24 Re,;°* and m = 0.815 — 
2.08 X 10°° Rep [23]. Determine Nup/Nup ¢q at x/D = 10 
and 60 for Rep = 10* and 10°. 


8.79 Fluid enters a thin-walled tube of 5-mm diameter and 


2-m length with a flow rate of 0.04 kg/s and a tempera- 
ture of T,,; = 85°C. The tube surface is maintained at 
a temperature of T, = 25°C, and for this operating con- 
dition, the outlet temperature is 7,,, = 31.1°C. What is 
the outlet temperature if the flow rate is doubled? Fully 
developed, turbulent flow may be assumed to exist in 
both cases, and the fluid properties may be assumed to 


be independent of temperature. 


Noncircular Ducts 
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Air at 3 X 10“ kg/s and 27°C enters a rectangular duct 
that is 1 m long and 4mm X 16mm ona side. A uniform 
heat flux of 600 W/m? is imposed on the duct surface. 
What is the temperature of the air and of the duct surface 
at the outlet? 


Air at 25°C flows at 30 X 10° kg/s within 100-mm- 
long channels used to cool a high thermal conductivity 
metal mold. Assume the flow is hydrodynamically and 
thermally fully developed. 


(a) Determine the heat transferred to the air for a circu- 
lar channel (D = 10mm) when the mold tempera- 
ture is 50°C (case A). 


Using new manufacturing methods (see Problem 
8.105), channels of complex cross section can be 
readily fabricated within metal objects, such as 
molds. Consider air flowing under the same condi- 
tions as in case A, except now the channel is seg- 
mented into six smaller triangular sections. The 
flow area of case A is equal to the total flow area of 
case B. Determine the heat transferred to the air for 
the segmented channel. 


(b) 


(c) Compare the pressure drops for cases A and B. 
es 
wen 


as T = 50°C 


Air, T,,; = 25°C 


mi 


Case A Case B 


952 


8.82 


8.83 


Chapter 8 = Internal Flow 


A cold plate is an active cooling device that is attached 
to a heat-generating system in order to dissipate the 
heat while maintaining the system at an acceptable tem- 
perature. It is typically fabricated from a material of 


high thermal conductivity, k.,, within which channels 


are machined and a coolant is passed. Consider a cop- 
per cold plate of height H and width W on a side, within 
which water passes through square channels of width 
w =h. The transverse spacing between channels 6 is 
twice the spacing between the sidewall of an outer 
channel and the sidewall of the cold plate. 


cold plate, Kop 


Consider conditions for which equivalent heat-generating 
systems are attached to the top and bottom of the cold 
plate, maintaining the corresponding surfaces at the same 
temperature 7,. The mean velocity and inlet temperature 
of the coolant are u,, and T,, ;,, respectively. 


m mi? 


(a) Assuming fully developed turbulent flow throughout 
each channel, obtain a system of equations that may 
be used to evaluate the total rate of heat transfer to 
the cold plate, g, and the outlet temperature of the 
water, 7,,,,, in terms of the specified parameters. 


(b) Consider a cold plate of width W= 100mm and 
height H = 10 mm, with 10 square channels of width 
w= 6mm and a spacing of 6 = 4mm between 
channels. Water enters the channels at a tempera- 
ture of 7,,; = 300K and a velocity of u,, = 2 m/s. 
If the top and bottom cold plate surfaces are at 
T, = 360 K, what is the outlet water temperature and 
the total rate of heat transfer to the cold plate? The 
thermal conductivity of the copper is 400 W/m: K, 
while average properties of the water may be taken 
to be p = 984 kg/m’, Cy = 4184 J/kg: K, w = 489 X 
10°°N-s/m’, k = 0.65 W/mK, and Pr = 3.15. Is 
this a good cold plate design? How could its perfor- 
mance be improved? 


The cold plate design of Problem 8.82 has not been opti- 
mized with respect to selection of the channel width, and 
we wish to explore conditions for which the rate of heat 
transfer may be enhanced. Assume that the width and 
height of the copper cold plate are fixed at W = 100 mm 


A+! 
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and H = 10mm, while the channel height and spacing 
between channels are fixed at h = 6mm and 6 = 4mm. 
The mean velocity and inlet temperature of the water are 
maintained at u,, = 2 m/s and T,,; = 300 K, while equiv- 
alent heat-generating systems attached to the top and bot- 
tom of the cold plate maintain the corresponding surfaces 
at 360K. Evaluate the effect of changing the channel 
width, and hence the number of channels, on the rate of 
heat transfer to the cold plate. Include consideration of the 
limiting case for which w = 96 mm (one channel). 


A device that recovers heat from high-temperature 
combustion products involves passing the combustion 
gas between parallel plates, each of which is main- 
tained at 350 K by water flow on the opposite surface. 
The plate separation is 40 mm, and the gas flow is fully 
developed. The gas may be assumed to have the proper- 
ties of atmospheric air, and its mean temperature and 
velocity are 1000 K and 60 m/s, respectively. 


(a) What is the heat flux at the plate surface? 


(b) If a third plate, 20 mm thick, is suspended midway 
between the original plates, what is the surface heat 
flux for the original plates? Assume the tempera- 
ture and flow rate of the gas to be unchanged and 
radiation effects to be negligible. 


Air at 1 atm and 285 K enters a 2-m-long rectangular 
duct with cross section 75mm X 150mm. The duct is 
maintained at a constant surface temperature of 400 K, 
and the air mass flow rate is 0.10 kg/s. Determine the 
heat transfer rate from the duct to the air and the air 
outlet temperature. 


A double-wall heat exchanger is used to transfer heat 
between liquids flowing through semicircular copper 
tubes. Each tube has a wall thickness of tf = 3 mm and 
an inner radius of 7; = 20mm, and good contact is 
maintained at the plane surfaces by tightly wound 
straps. The tube outer surfaces are well insulated. 


(a) If hot and cold water at mean temperatures of 
T,m = 330K and T.,,,= 290K flow through the 


cm 
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adjoining tubes at 7, = m, = 0.2 kg/s, what is the 
rate of heat transfer per unit length of tube? The wall 
contact resistance is 10-* m*: K/W. Approximate the 
properties of both the hot and cold water as 
pe = 800 X 10° °kg/s-m, k= 0.625 W/m:K, and 
Pr = 5.35. Hint: Heat transfer is enhanced by con- 
duction through the semicircular portions of the tube 
walls, and each portion may be subdivided into two 
straight fins with adiabatic tips. 


(b) Using the thermal model developed for part (a), 
determine the heat transfer rate per unit length when 
the fluids are ethylene glycol. Also, what effect will 
fabricating the exchanger from an aluminum alloy 
have on the heat rate? Will increasing the thickness 


of the tube walls have a beneficial effect? 


Consider laminar, fully developed flow in a channel of 
constant surface temperature T,. For a given mass flow 
rate and channel length, determine which rectangular 
channel, b/a = 1.0, 1.43, or 2.0, will provide the high- 
est heat transfer rate. Is this heat transfer rate greater 
than, equal to, or less than the heat transfer rate associ- 
ated with a circular tube? 


You have been asked to perform a feasibility study 
on the design of a blood warmer to be used during 
the transfusion of blood to a patient. This exchanger 
is to heat blood taken from the bank at 10°C to 37°C 
at a flow rate of 200 ml/min. The blood passes through 
a rectangular cross-section tube, 6.4mm X 1.6mm, 
which is sandwiched between two plates held at a con- 
stant temperature of 40°C. 


Plate 


Lali at 40°C 


ira Uniform temperature plates 


+ 1.6 mm 
=~ 


+ + + + 
+ 
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Front view 
h one plate removed) 


Side view 


Tube J 


(a) Compute the length of the tubing required to 
achieve the desired outlet conditions at the speci- 
fied flow rate. Assume the flow is fully developed 
and the blood has the same properties as water. 

(b) Assess your assumptions and indicate whether your 

analysis over- or underestimates the necessary 


length. 


A coolant flows through a rectangular channel (gallery) 
within the body of a mold used to form metal injection 


Gallery 
coolant, 7 
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parts. The gallery dimensions are a= 90mm and 
b = 9.5 mm, and the fluid flow rate is 1.3 X 107° m’/s. 
The coolant temperature is 15°C, and the mold wall is 
at an approximately uniform temperature of 140°C. 


Alloy melt 


Mold body 


To minimize corrosion damage to the expensive mold, it 
is customary to use a heat transfer fluid such as ethylene 
glycol, rather than process water. Compare the convec- 
tion coefficients of water and ethylene glycol for this 
application. What is the tradeoff between thermal perfor- 
mance and minimizing corrosion? 


An electronic circuit board dissipating 50 W is sand- 
wiched between two ducted, forced-air-cooled heat 
sinks. The sinks are 150mm in length and have 20 
rectangular passages 6mm X 25mm. Atmospheric air 
at a volumetric flow rate of 0.060 m*/s and 27°C is 


drawn through the sinks by a blower. Estimate the 
operating temperature of the board and the pressure 
drop across the sinks. 


554: 
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To slow down large prime movers like locomotives, a 
process termed dynamic electric braking is used to 
switch the traction motor to a generator mode in 
which mechanical power from the drive wheels is 
absorbed and used to generate electrical current. As 
shown in the schematic, the electric power is passed 
through a resistor grid (a), which consists of an array 
of metallic blades electrically connected in series (0). 
The blade material is a high-temperature, high electri- 
cal resistivity alloy, and the electrical power is dissi- 
pated as heat by internal volumetric generation. To 
cool the blades, a motor-fan moves high-velocity air 
through the grid. 


Insulated 
support 
ring 


Motor-fan Current flow 
in blades 
=a [| — Resistor Insulated 
s&s me grid support 
— a => yak 
ee 
A L= a 
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Electrical power 
from drive generator 


(a) 


Fluid 


V, T., = 25°C Channel 220 mm x 4 mm 


(b) 


(a) Treating the space between the blades as a rectan- 
gular channel of 220-mm X 4-mm cross section 
and 70-mm length, estimate the heat removal rate 
per blade if the airstream has an inlet temperature 
and velocity of 25°C and 50 m/s, respectively, 
while the blade has an operating temperature of 
600°C. 


On a locomotive pulling a 10-car train, there may 
be 2000 of these blades. Based on your result from 
part (a), how long will it take to slow a train whose 
total mass is 10° kg from a speed of 120 km/h to 
50 km/h using dynamic electric braking? 


(b) 


A printed circuit board (PCB) is cooled by laminar, 
fully developed airflow in adjoining, parallel-plate 
channels of length L and separation distance a. The 
channels may be assumed to be of infinite extent in the 
transverse direction, and the upper and lower surfaces 
are insulated. The temperature T, of the PCB board is 
uniform, and airflow with an inlet temperature of T,,; 
is driven by a pressure difference Ap. 

Calculate the average heat removal rate per unit 
area (W/m) from the PCB. 


Air 


Ty, = 20°C 
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Ap = 2 Nim? —> 


Printed-circuit board, T, = 65°C 


Insulation 


a> | 


Water at mm = 0.02 kg/s and T,,,; = 20°C enters an annular 
region formed by an inner tube of diameter D; = 25 mm 
and an outer tube of diameter D, = 100 mm. Saturated 
steam flows through the inner tube, maintaining its sur- 
face at a uniform temperature of T,; = 100°C, while the 
outer surface of the outer tube is well insulated. If fully 
developed conditions may be assumed throughout the 
annulus, how long must the system be to provide an out- 
let water temperature of 75°C? What is the heat flux from 
the inner tube at the outlet? 


For the conditions of Problem 8.93, how long must the 
annulus be if the water flow rate is 0.30 kg/s instead of 
0.02 kg/s? 


Referring to Figure 8.11, consider conditions in an 
annulus having an outer surface that is insulated 
(q;, = 0) and a uniform heat flux gq at the inner surface. 
Fully developed, laminar flow may be assumed to exist. 


(a) Determine the velocity profile u(r) in the annular 
region. 

(b) Determine the temperature profile T(r) and obtain 
an expression for the Nusselt number Nu; associ- 
ated with the inner surface. 


Consider the air heater of Problem 8.38, but now with 
airflow through the annulus and steam flow through the 
inner tube. For the prescribed conditions and an outer 
tube diameter of D, = 65mm, determine the outlet 
temperature and pressure of the air, as well as the mass 
rate of steam condensation. 


Consider a concentric tube annulus for which the inner 
and outer diameters are 25 and 50 mm. Water enters the 
annular region at 0.04 kg/s and 25°C. If the inner tube 
wall is heated electrically at a rate (per unit length) of 
q' = 4000 W/m, while the outer tube wall is insulated, 
how long must the tubes be for the water to achieve an 
outlet temperature of 85°C? What is the inner tube sur- 
face temperature at the outlet, where fully developed 
conditions may be assumed? 


It is common practice to recover waste heat from an oil- 
or gas-fired furnace by using the exhaust gases to preheat 
the combustion air. A device commonly used for this 
purpose consists of a concentric pipe arrangement for 
which the exhaust gases are passed through the inner 
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pipe, while the cooler combustion air flows through an 
annular passage around the pipe. 
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Consider conditions for which there is a uniform 
heat transfer rate per unit length, g/ = 1.25 < 10° W/m, 
from the exhaust gases to the pipe inner surface, 
while air flows through the annular passage at a rate 
of m, = 2.1 kg/s. The thin-walled inner pipe is of 
diameter D; = 2m, while the outer pipe, which is 
well insulated from the surroundings, is of diameter 
D, = 2.05m. The air properties may be taken to be 
c, = 1030 J/kg-K, = 270 X 10-7 N+s/m’, k = 0.041 
W/m: K, and Pr = 0.68. 

(a) If air enters at T,, = 300K and L = 7m, what is 

the air outlet temperature T,, 5? 


(b) If the airflow is fully developed throughout the 
annular region, what is the temperature of the inner 
pipe at the inlet (7,; ;) and outlet (7,;5) sections of 
the device? What is the outer surface temperature 
T,,.; at the inlet? 


8.99 A concentric tube arrangement, for which the inner and 
outer diameters are 80 mm and 100 mm, respectively, is 
used to remove heat from a biochemical reaction occur- 
ring in a 1-m-long settling tank. Heat is generated uni- 
formly within the tank at a rate of 10° W/m’, and water 
is supplied to the annular region at a rate of 0.2 kg/s. 

Reaction tank, 


q=1%x 108 Wim’, 
L=l1m 


Insulation wrap 


D, = 80 mm 
D, = 100 mm 
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(a) Determine the inlet temperature of the supply water 
that will maintain an average tank surface tempera- 
ture of 37°C. Assume fully developed flow and 
thermal conditions. Is this assumption reasonable? 


(b) It is desired to have a slight, axial temperature gra- 
dient on the tank surface, since the rate of the bio- 
chemical reaction is highly temperature dependent. 
Sketch the axial variation of the water and surface 
temperatures along the flow direction for the fol- 
lowing two cases: (i) the fully developed conditions 
of part (a), and (ii) conditions for which entrance 
effects are important. Comment on features of the 
temperature distributions. What change to the sys- 
tem or operating conditions would you make to 
reduce the surface temperature gradient? 


Heat Transfer Enhancement 


8.100 Consider the air cooling system and conditions 
of Problem 8.31, but with a prescribed pipe length of 
L=15m. 


(a) What is the air outlet temperature, 7, ,? What is 
the fan power requirement? 


(b) The convection coefficient associated with airflow 
in the pipe may be increased twofold by inserting 
a coiled spring along the length of the pipe to 
disrupt flow conditions near the inner surface. If 
such a heat transfer enhancement scheme is 
adopted, what is the attendant value of T,,,? Use 
of the insert would not come without a corre- 
sponding increase in the fan power requirement. 
What is the power requirement if the friction 
factor is increased by 50%? 


(c) After extended exposure to the water, a thin coat- 
ing of organic matter forms on the outer surface of 
the pipe, and its thermal resistance (for a unit area 
of the outer surface) is R”, = 0.050 m?: K/W. What 
is the corresponding value of T,,,,, without the insert 
of part (b)? 


8.101 Consider sterilization of the pharmaceutical product of 
Problem 8.27. To avoid any possibility of heating the 
product to an unacceptably high temperature, atmos- 
pheric steam is condensed on the exterior of the tube 
instead of using the resistance heater, providing a uni- 
form surface temperature, T, = 100°C. 


(a) For the conditions of Problem 8.27, determine the 
required length of straight tube, L,, that would 
be needed to increase the mean temperature of the 
pharmaceutical product from 25°C to 75°C. 


(b) Consider replacing the straight tube with a coiled 
tube characterized by a coil diameter C = 100 mm 
and a coil pitch S = 25 mm. Determine the overall 
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length of the coiled tube, L, (i.e., the product of 
the tube pitch and the number of coils), necessary 
to increase the mean temperature of the pharma- 
ceutical to the desired value. 


(c) Calculate the pressure drop through the straight 


tube and through the coiled tube. 


(d) Calculate the steam condensation rate. 


An engineer proposes to insert a solid rod of diameter 
D; into a circular tube of diameter D, to enhance heat 
transfer from the flowing fluid of temperature T,,, to the 
outer tube wall of temperature 7, ,. Assuming laminar 
flow, calculate the ratio of the heat flux from the fluid 
to the outer tube wall with the rod to the heat flux 
without the rod, ¢7/q!, yo, for D\/D, = 0, 0.10, 0.25 and 
0.50. The rod is placed concentrically within the tube. 


An electrical power transformer of diameter 230 mm 
and height 500 mm dissipates 1000 W. It is desired to 
maintain its surface temperature at 47°C by supplying 
ethylene glycol at 24°C through thin-walled tubing of 
20-mm diameter welded to the lateral surface of the 
transformer. All the heat dissipated by the transformer 
is assumed to be transferred to the ethylene glycol. 


Tubing 


Transformer 
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Assuming the maximum allowable temperature rise of 
the coolant to be 6°C, determine the required coolant 
flow rate, the total length of tubing, and the coil pitch 
S between turns of the tubing. 


A bayonet cooler is used to reduce the temperature of 
a pharmaceutical fluid. The pharmaceutical fluid flows 
through the cooler, which is fabricated of 10-mm- 
diameter, thin-walled tubing with two 250-mm-long 
straight sections and a coil with six and a half turns 
and a coil diameter of 75 mm. A coolant flows outside 
the cooler, with a convection coefficient at the outside 
surface of h, = 500 W/m?:K and a coolant tempera- 
ture of 20°C. Consider the situation where the pharma- 
ceutical fluid enters at 90°C with a mass flow rate 
of 0.005 kg/s. The pharmaceutical has the following 
properties: p = 1200kg/m*, uw = 4X 107 N:s/m’, 
c, = 2000 J/kg: K, and k = 0.5 W/m:K. 


With coil insert 
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(a) Determine the outlet temperature of the pharma- 
ceutical fluid. 


(b) It is desired to further reduce the outlet tempera- 
ture of the pharmaceutical. However, because the 
cooling process is just one part of an intricate pro- 
cessing operation, flow rates cannot be changed. A 
young engineer suggests that the outlet temperature 
might be reduced by inserting stainless steel coiled 
springs into the straight sections of the cooler with 
the notion that the springs will disturb the flow adja- 
cent to the inner tube wall and, in turn, increase the 
heat transfer coefficient at the inner tube wall. A 
senior engineer asserts that insertion of the springs 
should double the heat transfer coefficient at the 
straight inner tube walls. Determine the outlet tem- 
perature of the pharmaceutical fluid with the springs 
inserted into the tubes, assuming the senior engineer 
is correct in his assertion. 


(c) Would you expect the outlet temperature of the 
pharmaceutical to depend on whether the springs 


have a left-hand or right-hand spiral? Why? 


The mold used in an injection molding process con- 
sists of a top half and a bottom half. Each half is 
60mm X 60mm X 20 mm and is constructed of metal 
(p = 7800 kg/m, c = 450J/kg*K). The cold mold 
(100°C) is to be heated to 200°C with pressurized 
water (available at 275°C and a total flow rate of 
0.02 kg/s) prior to injecting the thermoplastic material. 
The injection takes only a fraction of a second, and the 
hot mold (200°C) is subsequently cooled with cold 
water (available at 25°C and a total flow rate of 
0.02 kg/s) prior to ejecting the molded part. After part 
ejection, which also takes a fraction of a second, the 
process is repeated. 
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a Problems 


(a) In conventional mold design, straight cooling 
(heating) passages are bored through the mold in a 
location where the passages will not interfere with 
the molded part. Determine the initial heating rate 
and the initial cooling rate of the mold when five 
5-mm-diameter, 60-mm-long passages are bored 
in each half of the mold (10 passages total). The 
velocity distribution of the water is fully devel- 
oped at the entrance of each passage in the hot (or 
cold) mold. 


(b) New additive manufacturing processes, known 
as selective freeform fabrication, or SFF, are used 
to construct molds that are configured with con- 
formal cooling passages. Consider the same mold 
as before, but now a 5-mm-diameter, coiled, con- 
formal cooling passage is designed within each 
half of the SFF-manufactured mold. Each of the 
two coiled passages has N = 2 turns. The coiled 
passage does not interfere with the molded part. 
The conformal channels have a coil diameter 
C=50mm. The total water flow remains the 
same as in part (a) (0.01 kg/s per coil). Determine 
the initial heating rate and the initial cooling rate 
of the mold. 


(c) Compare the surface areas of the conventional and 
conformal cooling passages. Compare the rate at 
which the mold temperature changes for molds con- 
figured with the conventional and conformal heat- 
ing and cooling passages. Which cooling passage, 
conventional or conformal, will enable production 
of more parts per day? Neglect the presence of the 


thermoplastic material. 


Consider the pharmaceutical product of Problem 8.27. 
Prior to finalizing the manufacturing process, test trials 
are performed to experimentally determine the depen- 
dence of the shelf life of the drug as a function of the 
sterilization temperature. Hence, the sterilization tem- 
perature must be carefully controlled in the trials. To 
promote good mixing of the pharmaceutical and, in 
turn, relatively uniform outlet temperatures across the 
exit tube area, experiments are performed using a 
device that is constructed of two interwoven coiled 
tubes, each of 10-mm diameter. The thin-walled tubing 
is welded to a solid high thermal conductivity rod of 
diameter D, = 40 mm. One tube carries the pharma- 
ceutical product at a mean velocity of u, = 0.1 m/s and 
inlet temperature of 25°C, while the second tube carries 
pressurized liquid water at u,, = 0.12 m/s with an inlet 
temperature of 127°C. The tubes do not contact each 
other but are each welded to the solid metal rod, with 
each tube making 20 turns around the rod. The exterior 
of the apparatus is well insulated. 
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(a) Determine the outlet temperature of the pharmaceu- 
tical product. Evaluate the liquid water properties 
at 380 K. 


(b) Investigate the sensitivity of the pharmaceutical’s 
outlet temperature to the velocity of the pressurized 
water over the range 0.10 < u,, << 0.25 m/s. 


in Small Channels 


An extremely effective method of cooling high-power- 
density silicon chips involves etching microchannels 
in the back (noncircuit) surface of the chip. The chan- 
nels are covered with a silicon cap, and cooling is 
maintained by passing water through the channels. 


Circuits 


+ >| 


Chip, T, 


Microchannels 


=+— Cap, T, 
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Consider a chip that is 10 mm X 10 mm on a side and 
in which fifty 10-mm-long rectangular microchannels, 
each of width W = 50 wm and height H = 200 wm, 
have been etched. Consider operating conditions for 
which water enters each microchannel at a tempera- 
ture of 290 K and a flow rate of 10~* kg/s, while the 
chip and cap are at a uniform temperature of 350 K. 
Assuming fully developed flow in the channel and that 
all the heat dissipated by the circuits is transferred 
to the water, determine the water outlet temperature 
and the chip power dissipation. Water properties may 
be evaluated at 300 K. 


An ideal gas flows within a small diameter tube. 
Derive an expression for the transition density of the 
gas p. below which microscale effects must be 
accounted for. Express your result in terms of the gas 
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molecule diameter, universal gas constant, Boltz- 
mann’s constant, and the tube diameter. Evaluate the 
transition density for a D = 10-ym-diameter tube for 
hydrogen, air, and carbon dioxide. Compare the cal- 
culated transition densities with the gas density at 
atmospheric pressure and T = 23°C. 


Consider the microchannel cooling arrangement of 
Problem 8.107. However, instead of assuming the 
entire chip and cap to be at a uniform temperature, 
adopt a more conservative (and realistic) approach that 
prescribes a temperature of T, = 350 K at the base of 
the channels (x = 0) and allows for a decrease in tem- 
perature with increasing x along the side walls of each 
channel. 


Chip, Ken 


Microchannel 


Cap (Adiabatic) 


(a) For the operating conditions prescribed in Problem 
8.107 and a chip thermal conductivity of ky, = 
140 W/m:K, determine the water outlet tempera- 
ture and the chip power dissipation. Heat transfer 
from the sides of the chip to the surroundings and 
from the side walls of a channel to the cap may be 
neglected. Note that the spacing between channels, 
6 = S — W, is twice the spacing between the side 
wall of an outer channel and the outer surface of 
the chip. The channel pitch is § = L/N, where 
L= 10mm is the chip width and N = 50 is the 
number of channels. 


(b) The channel geometry prescribed in Problem 
8.107 and considered in part (a) is not optimized, 
and larger heat rates may be dissipated by adjust- 
ing related dimensions. Consider the effect of 
reducing the pitch to a value of S$ = 100 um, 
while retaining a width of W = 50 wm and a flow 
rate per channel of 72, = 10~* kg/s. 


The onset of turbulence in a gas flowing within a cir- 
cular tube occurs at Rep, ~ 2300, while a transition 
from incompressible to compressible flow occurs at 
a critical Mach number of Ma, ~ 0.3. Determine the 
critical tube diameter D., below which incompressible 
turbulent flow and heat transfer cannot exist for (i) air, 
(ii) CO, (iii) He. Evaluate properties at atmospheric 
pressure and a temperature of T = 300 K. 


8.111 Due to its comparatively large thermal conductivity, 


water is a preferred fluid for convection cooling. How- 
ever, in applications involving electronic devices, water 
must not come into contact with the devices, which 
would therefore have to be hermetically sealed. To cir- 
cumvent related design and operational complexities and 
to ensure that the devices are not rendered inoperable by 
contact with the coolant, a dielectric fluid is commonly 
used in lieu of water. Many gases have excellent dielec- 
tric characteristics, and despite its poor heat transfer 
properties, air is the common choice for electronic cool- 
ing. However, there is an alternative, which involves a 
class of perfluorinated liquids that are excellent 
dielectrics and have heat transfer properties superior to 
those of gases. 

Consider the microchannel chip cooling applica- 
tion of Problem 8.109 but now for a perfluorinated 
liquid with properties of c, = 1050 J/kg: K, k = 0.065 
W/m:K, w = 0.0012 N+ s/m?, and Pr = 15. 


(a) For channel dimensions of H = 200 um, W = 50 
pm, and S = 20 wm, a chip thermal conductivity of 
Kg, = 140 W/m: K and width L = 10 mm, a chan- 
nel base temperature (x = 0) of 7, = 350K, a 
channel inlet temperature of T,,; = 290K, and a 
flow rate of m, = 10~* kg/s per channel, determine 
the outlet temperature and the chip power dissipa- 
tion for the dielectric liquid. 


(b) Consider the foregoing conditions, but with air at 
a flow rate of ri; = 10~° kg/s used as the coolant. 
Using properties of c, = 1007 J/kg-K, k = 0.0263 
W/m:K, and uw = 185 X 10°’ N-s/m’, determine 
the air outlet temperature and the chip power 
dissipation. 


8.112 Many of the solid surfaces for which values of the 


thermal and momentum accommodation coefficients 
have been measured are quite different from those 
used in micro- and nanodevices. Plot the Nusselt num- 
ber Nup associated with fully developed laminar flow 
with constant surface heat flux versus tube diameter 
for |wm=D=1mm and (i) a, = 1, a, = 1, (ii) 
a,=0.1, a, = 0.1, Gi) a,=1, a, = 0.1, and (iv) 
a, = 0.1, a, = 1. For tubes of what diameter do the 
accommodation coefficients begin to influence con- 
vection heat transfer? For which combination of a, and 
a, does the Nusselt number exhibit the least sensitivity 
to changes in the diameter of the tube? Which combi- 
nation results in Nusselt numbers greater than the con- 
ventional fully developed laminar value for constant 
heat flux conditions, Nup = 4.36? Which combination 
is associated with the smallest Nusselt numbers? What 
can you say about the ability to predict convection heat 
transfer coefficients in a small-scale device if the 
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accommodation coefficients are not known for mate- 
rial from which the device is fabricated? Use proper- 
ties of air at atmospheric pressure and T = 300 K. 


A novel scheme for dissipating heat from the chips of 
a multichip array involves machining coolant channels 
in the ceramic substrate to which the chips are 
attached. The square chips (L. = 5mm) are aligned 
above each of the channels, with longitudinal and 
transverse pitches of S$, = S; = 20mm. Water flows 
through the square cross section (W = 5 mm) of each 
channel with a mean velocity of u,, = 1 m/s, and its 
properties may be approximated as p = 1000 kg/m’, 
Cy = 4180 J/kg-K, ps = 855 X 10°° kg/s-m, k = 0.610 
W/m-K, and Pr=5.8. Symmetry in the transverse 
direction dictates the existence of equivalent conditions 
for each substrate section of length L, and width Sy. 


Chips 
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cond 
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(a) Consider a substrate whose length in the flow 
direction is L, = 200mm, thereby providing a 
total of N,; = 10 chips attached in-line above each 
flow channel. To a good approximation, all the 
heat dissipated by the chips above a channel may 
be assumed to be transferred to the water flowing 
through the channel. If each chip dissipates 5 W, 
what is the temperature rise of the water passing 
through the channel? 


(b) 


The chip-substrate contact resistance is Rj. 
0.5 X 10-4 m’-K/W, and the three-dimensional 
conduction resistance for the L, X S; substrate 
section is Reon = 0.120 K/W. If water enters the 
substrate at 25°C and is in fully developed flow, 
estimate the temperature 7. of the chips and the 
temperature 7, of the substrate channel surface. 


8.114 Consider air flowing in a small-diameter steel tube. 


Graph the Nusselt number associated with fully devel- 
oped laminar flow with constant surface heat flux 
for tube diameters ranging from 1 um = D= 1mm. 
Evaluate air properties at T = 350 K and atmospheric 
pressure. The thermal and momentum accommodation 
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coefficients are a, = 0.92 and a, = 0.87, respectively. 
Compare the Nusselt number you calculate to the 
value provided in Equation 8.53, Nup = 4.36. 


An experiment is designed to study microscale forced 
convection. Water at T,,; = 300 K is to be heated in 
a straight, circular glass tube with a 50-um inner 
diameter and a wall thickness of 1 mm. Warm water at 
T.. = 350K, V = 2 m/s is in cross flow over the exte- 
rior tube surface. The experiment is to be designed 
to cover the operating range 1 = Rey = 2000, where 
Rep is the Reynolds number associated with the inter- 
nal flow. 


(a) Determine the tube length L that meets a design 
requirement that the tube be twice as long as the 
thermal entrance length associated with the high- 
est Reynolds number of interest. Evaluate water 
properties at 305 K. 


Determine the water outlet temperature, T,,,,, that 
is expected to be associated with Rep = 2000. 
Evaluate the heating water (water in cross flow 


over the tube) properties at 330 K. 


(b) 


(c) 


Calculate the pressure drop from the entrance to 
the exit of the tube for Rep = 2000. 


Based on the calculated flow rate and pressure 
drop in the tube, estimate the height of a column 
of water (at 300 K) needed to supply the neces- 
sary pressure at the tube entrance and the time 
needed to collect 0.1 liter of water. Discuss 
how the outlet temperature of the water flowing 
from the tube, T,,,, might be measured. 


I 


(d) 


Determine the tube diameter that corresponds to a 
10% reduction in the convection heat transfer coeffi- 
cient for thermal and momentum accommodation 
coefficients of a, = 0.92 and a, = 0.89, respectively. 
Determine the channel spacing, a, that is associated 
with a 10% reduction in / using the same accommoda- 
tion coefficients. The gas is air at T= 350K and 
atmospheric pressure for both the tube and the parallel 
plate configurations. The flow is laminar and fully 
developed with constant surface heat flux. 


An experiment is devised to measure liquid flow and 
convective heat transfer rates in microscale channels. 
The mass flow rate through a channel is determined by 
measuring the amount of liquid that has flowed 
through the channel and dividing by the duration of 
the experiment. The mean temperature of the outlet 
fluid is also measured. To minimize the time needed to 
perform the experiment (that is, to collect a significant 
amount of liquid so that its mass and temperature can 
be accurately measured), arrays of microchannels are 
typically used. Consider an array of microchannels of 
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circular cross section, each with a nominal diameter of 
50 um, fabricated into a copper block. The channels 
are 20 mm long, and the block is held at 310 K. Water 
at an inlet temperature of 300K is forced into the 
channels from a pressurized plenum, so that a pressure 
difference of 2.5 X 10° Pa exists from the entrance to 
the exit of each channel. 

In many microscale systems, the characteristic 
dimensions are similar to the tolerances that can be 
controlled during the manufacture of the experimental 
apparatus. Hence, careful consideration of the effect of 
machining tolerances must be made when interpreting 
the experimental results. 


(a) Consider the case in which three microchannels are 
machined in the copper block. The channel diame- 
ters exhibit some deviation due to manufacturing 
constraints and are of actual diameter 45 um, 


(b) 


(c) 


50 pum, and 55 jum, respectively. Calculate the mass 
flow rate through each of the three channels, along 
with the mean outlet temperature of each channel. 


If the water exiting each of the three channels is 
collected and mixed in a single container, calculate 
the average flow rate through each of the three 
channels and the average mixed temperature of the 
water that is collected from all three channels. 


The enthusiastic experimentalist uses the average 
flow rate and the average mixed outlet tempera- 
ture to analyze the performance of the average 
(50 wm) diameter channel and concludes that 
flow rates and heat transfer coefficients are 
increased and decreased, respectively, by about 
5% when forced convection occurs in microchan- 
nels. Comment on the validity of the experimen- 
talist’s conclusion. 


Free Convection 
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T n preceding chapters we considered convection transfer in fluid flows that originate 
from an external forcing condition. For example, fluid motion may be induced by a fan or 
a pump, or it may result from propulsion of a solid through the fluid. In the presence of a 
temperature gradient, forced convection heat transfer will occur. 

Now we consider situations for which there is no forced velocity, yet convection cur- 
rents exist within the fluid. Such situations are referred to as free or natural convection, and 
they originate when a body force acts on a fluid in which there are density gradients. The 
net effect is a buoyancy force, which induces free convection currents. In the most common 
case, the density gradient is due to a temperature gradient, and the body force is due to the 
gravitational field. 

Since free convection flow velocities are generally much smaller than those associated 
with forced convection, the corresponding convection transfer rates are also smaller. It is 
perhaps tempting to therefore attach less significance to free convection processes. This 
temptation should be resisted. In many systems involving multimode heat transfer effects, 
free convection provides the largest resistance to heat transfer and therefore plays an 
important role in the design or performance of the system. Moreover, when it is desirable to 
minimize heat transfer rates or to minimize operating cost, free convection is often pre- 
ferred to forced convection. 

There are, of course, many applications. Free convection strongly influences the oper- 
ating temperatures of power generating and electronic devices. It plays a major role in a 
vast array of thermal manufacturing applications. Free convection is important in establish- 
ing temperature distributions within buildings and in determining heat losses or heat loads 
for heating, ventilating, and air conditioning systems. Free convection distributes the 
poisonous products of combustion during fires and is relevant to the environmental sci- 
ences, where it drives oceanic and atmospheric motions, as well as the related heat transfer 
processes. 

In this chapter our objectives are to obtain an appreciation for the physical origins and 
nature of buoyancy-driven flows and to acquire tools for performing related heat transfer 
calculations. 


9.1 Physical Considerations 


In free convection fluid motion is due to buoyancy forces within the fluid, while in forced 
convection it is externally imposed. Buoyancy is due to the combined presence of a fluid 
density gradient and a body force that is proportional to density. In practice, the body force 
is usually gravitational, although it may be a centrifugal force in rotating fluid machinery 
or a Coriolis force in atmospheric and oceanic rotational motions. There are also several 
ways in which a mass density gradient may arise in a fluid, but for the most common situa- 
tion it is due to the presence of a temperature gradient. We know that the density of gases 
and liquids depends on temperature, generally decreasing (due to fluid expansion) with 
increasing temperature (dp/dT < 0). 

In this text we focus on free convection problems in which the density gradient is due 
to a temperature gradient and the body force is gravitational. However, the presence of a 
fluid density gradient in a gravitational field does not ensure the existence of free convec- 
tion currents. Consider the conditions of Figure 9.1. A fluid is enclosed by two large, hori- 
zontal plates of different temperature (7, # T>). In case a the temperature of the lower plate 
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FicurE 9.1 Conditions in a fluid between large horizontal plates at 
different temperatures: (a) Unstable temperature gradient. (b) Stable 
temperature gradient. 


exceeds that of the upper plate, and the density decreases in the direction of the gravita- 
tional force. If the temperature difference exceeds a critical value, conditions are unstable 
and buoyancy forces are able to overcome the retarding influence of viscous forces. The 
gravitational force on the denser fluid in the upper layers exceeds that acting on the lighter 
fluid in the lower layers, and the designated circulation pattern will exist. The heavier fluid 
will descend, being warmed in the process, while the lighter fluid will rise, cooling as it 
moves. However, this condition does not characterize case b, for which T, > T, and the 
density no longer decreases in the direction of the gravitational force. Conditions are now 
stable, and there is no bulk fluid motion. In case a heat transfer occurs from the bottom to 
the top surface by free convection; for case b heat transfer (from top to bottom) occurs by 
conduction. 

Free convection flows may be classified according to whether the flow is bounded by a 
surface. In the absence of an adjoining surface, free boundary flows may occur in the form of 
a plume or a buoyant jet (Figure 9.2). A plume is associated with fluid rising from a submerged 


‘a P< Poo 
Plume ee Ly i 
il 1 “ T P< Pp. ue Buoyant 
‘ Z 4. 0 yi jet 
; Pu» ee 
dU Ly | vA 


Heated wire 


(a) (b) 


FicurE 9.2 Buoyancy-driven free boundary layer flows in an extensive, quiescent medium. 
(a) Plume formation above a heated wire. (b) Buoyant jet associated with a heated discharge. 
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heated object. Consider the heated wire of Figure 9.2a, which is immersed in an extensive, 
quiescent fluid.' Fluid that is heated by the wire rises due to buoyancy forces, entraining 
fluid from the quiescent region. Although the width of the plume increases with distance 
from the wire, the plume itself will eventually dissipate as a result of viscous effects and a 
reduction in the buoyancy force caused by cooling of the fluid in the plume. The distinction 
between a plume and a buoyant jet is generally made on the basis of the initial fluid velocity. 
This velocity is zero for the plume, but finite for the buoyant jet. Figure 9.2b shows a heated 
fluid being discharged as a horizontal jet into a quiescent medium of lower temperature. 
The vertical motion that the jet begins to assume is due to the buoyancy force. Such a con- 
dition occurs when warm water from the condenser of a central power station is discharged 
into a reservoir of cooler water. Free boundary flows are discussed in considerable detail by 
Jaluria [1] and Gebhart et al. [2]. 

In this text we focus on free convection flows bounded by a surface, and a classic exam- 
ple relates to boundary layer development on a heated vertical plate (Figure 9.3). The plate 
is immersed in an extensive, quiescent fluid, and with T, > T,, the fluid close to the plate is 
less dense than fluid that is further removed. Buoyancy forces therefore induce a free 
convection boundary layer in which the heated fluid rises vertically, entraining fluid from 
the quiescent region. The resulting velocity distribution is unlike that associated with 
forced convection boundary layers. In particular, the velocity is zero as y + ™, as well as 
at y = 0. A free convection boundary layer also develops if T, < T,,. In this case, however, 
fluid motion is downward. 
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FicurE 9.3 Boundary layer development on a heated vertical plate: 
(a) Velocity boundary layer. (b) Thermal boundary layer. 


‘An extensive medium is, in principle, an infinite medium. Since a quiescent fluid is one that is otherwise at rest, 
the velocity of fluid far from the heated wire is zero. 
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9.2 The Governing Equations for Laminar Boundary Layers 


As for forced convection, the equations that describe momentum and energy transfer in free 
convection originate from the related conservation principles. Moreover, the specific 
processes are much like those that dominate in forced convection. Inertia and viscous 
forces remain important, as does energy transfer by advection and diffusion. The difference 
between the two flows is that, in free convection, a major role is played by buoyancy 
forces. Such forces, in fact, drive the flow. 

Consider a laminar boundary layer flow (Figure 9.3) that is driven by buoyancy forces. 
Assume steady, two-dimensional, constant property conditions in which the gravity force 
acts in the negative x-direction. Also, with one exception, assume the fluid to be incom- 
pressible. The exception involves accounting for the effect of variable density only in the 
buoyancy force, since it is this variation that induces fluid motion. Finally, assume that 
the boundary layer approximations of Section 6.4.1 are valid. 

With the foregoing simplifications the x-momentum equation (Equation E.2) reduces to 
the boundary layer equation (Equation 6.16), except that the body force term X is retained. 
If the only contribution to this force is made by gravity, the body force per unit volume is 
X = —pg, where g is the local acceleration due to gravity. The appropriate form of the 
x-momentum equation is then 


Ou Ou 1 ap. Pu 


und oy Gy dx gt ec (9.1) 


where dp../dx is the free stream pressure gradient in the quiescent region outside the 
boundary layer. In this region, u = 0 and Equation 9.1 reduces to 
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Substituting Equation 9.2 into 9.1, we obtain the following expression: 
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where Ap = p., — p. This expression must apply at every point in the free convection 
boundary layer. 

The first term on the right-hand side of Equation 9.3 is the buoyancy force per unit 
mass, and flow originates because the density p is a variable. If density variations are due 
only to temperature variations, the term may be related to a fluid property known as the vol- 
umetric thermal expansion coefficient 
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This thermodynamic property of the fluid provides a measure of the amount by which the 
density changes in response to a change in temperature at constant pressure. If it is 
expressed in the following approximate form, 
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it follows that 


(Px. — p) ~ pB(T — T..) 


This simplification is known as the Boussinesq approximation, and substituting into 
Equation 9.3, the x-momentum equation becomes 
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Ox oy 
where it is now apparent how the buoyancy force, which drives the flow, is related to the 
temperature difference. 

Since buoyancy effects are confined to the momentum equation, the mass and energy 
conservation equations are unchanged from forced convection. Equations 6.15 and 6.17 
may then be used to complete the problem formulation. The set of governing equations 
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Note that viscous dissipation has been neglected in the energy equation, (9.8), an assump- 
tion that is certainly reasonable for the small velocities associated with free convection. In 
the mathematical sense the appearance of the buoyancy term in Equation 9.7 complicates 
matters. No longer may the hydrodynamic problem, given by Equations 9.6 and 9.7, be 
uncoupled from and solved to the exclusion of the thermal problem, given by Equation 9.8. 
The solution to the momentum equation depends on knowledge of 7, and hence on the 
solution to the energy equation. Equations 9.6 through 9.8 are therefore strongly coupled 
and must be solved simultaneously. 

Free convection effects obviously depend on the expansion coefficient 8. The manner 
in which B is obtained depends on the fluid. For an ideal gas, p = p/RT and 
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where T is the absolute temperature. For liquids and nonideal gases, 8 must be obtained 
from appropriate property tables (Appendix A). 


9.3 Similarity Considerations 


Let us now consider the dimensionless parameters that govern free convective flow and 
heat transfer for the vertical plate. As for forced convection (Chapter 6), the parameters 
may be obtained by nondimensionalizing the governing equations. Introducing 
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where L is a characteristic length and up is a reference velocity,” the x-momentum and 
energy equations (9.7 and 9.8) reduce to 
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0. ok fa ok 2 R 2 , 
x y Uo ex dy 
* ea 
Pa <2 ale a (9.11) 
ox® dy* — Re, Pr dy? 


The dimensionless parameter in the first term on the right-hand side of Equation 9.10 is 
a direct consequence of the buoyancy force. The reference velocity uy can be specified to 
simplify the form of the equation. It is convenient to choose uj = gB(T, — T.,)L, so that the 
term multiplying 7* becomes unity. Then, Re, becomes [gB(T, — T..)L*/v*]!”. It is customary 
to define the Grashof number Gr, as the square of this Reynolds number: 


HOU yp 


yp 


n= (9.12) 


As a result, Re, in Equations 9.10 and 9.11 is replaced by Gr/?, and we see that the 


Grashof number (or more precisely, Gr”) plays the same role in free convection that 
the Reynolds number plays in forced convection. Based on the resulting form of Equations 9.10 
and 9.11, we expect heat transfer correlations of the form Nu, = f(Gr,, Pr) in free convec- 
tion. Recall that the Reynolds number provides a measure of the ratio of the inertial to vis- 
cous forces acting on a fluid element. In contrast, the Grashof number is a measure of the 
ratio of the buoyancy forces to the viscous forces acting on the fluid. 

When forced and free convection effects are comparable, the situation is more complex. 
For example, consider the boundary layer of Figure 9.3, but with a non-zero free stream 
velocity, uv... In this case, it is more convenient to choose the characteristic velocity as u., 
(so that the free stream boundary condition for the dimensionless velocity, u*, is simply 
u*(y* —> 0) — 1). Then the T* term in Equation 9.10 will be multiplied by Gr,/Re;, and the 
resulting Nusselt number expressions will be of the form Nu, = f(Re;, Gr,, Pr). Generally, 
the combined effects of free and forced convection must be considered when Gr,/Rej;, ~ 1. 
If the inequality Gr,/Rez <1 is satisfied, free convection effects may be neglected and 
Nu, = f(Re,, Pr). Conversely, if Gr,/Rez > 1, forced convection effects may be neglected 
and Nu = f(Gr,, Pr), as indicated in the preceding paragraph for pure free convection. Addi- 
tional discussion of combined free and forced convection is provided in Section 9.9. 


9.4 Laminar Free Convection on a Vertical Surface 


Numerous solutions to the laminar free convection boundary layer equations have been 
obtained, and a special case that has received much attention involves free convection from 


*Since free stream conditions are quiescent in free convection, there is no logical external reference velocity 
(V or uw,,), as in forced convection. 
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an isothermal vertical surface in an extensive quiescent medium (Figure 9.3). For this 
geometry Equations 9.6 through 9.8 must be solved subject to boundary conditions of the 
form? 


y=0: u=v=0 T=T, 
yoo: u—>0 31 


A similarity solution to the foregoing problem has been obtained by Ostrach [3]. The 
solution involves transforming variables by introducing a similarity variable of the form 


y (Gr,\"4 
n=} ‘) (9.13) 


4 


and representing the velocity components in terms of a stream function defined as 


G : 1/4 
Wx, y) = fm) ar( *:) (9.14) 


With the foregoing definition of the stream function, the x-velocity component may be 


expressed as 
ap _ apdan GH ee 1 GRY” 
ay ~ an ay »(@ POA 


= Gri? ra) (9.15) 


where primed quantities indicate differentiation with respect to 7. Hence f'(y) = df/dn. 
Evaluating the y-velocity component v = —dy/dx in a similar fashion and introducing the 
dimensionless temperature 


pee ae 
T, — T. 


(9.16) 


the three original partial differential equations (9.6 through 9.8) may then be reduced to 
two ordinary differential equations of the form 


fi" + 3ff" -2'" +T* =0 (9.17) 

T*" + 3PrfT*'=0 (9.18) 
where f and 7* are functions only of 7 and the double and triple primes, respectively, refer 
to second and third derivatives with respect to 7. Note that fis the key dependent variable 
for the velocity boundary layer and that the continuity equation (9.6) is automatically satis- 
fied through introduction of the stream function. 


The transformed boundary conditions required to solve the momentum and energy 
equations (9.17 and 9.18) are of the form 


n=0: f=f'=0 =] 
n> fi 0 T*>0 


*The boundary layer approximations are assumed in using Equations 9.6 through 9.8. However, the approxima- 
tions are only valid for (Gr, Pr) = 10*. Below this value (close to the leading edge), the boundary layer thickness 
is too large relative to the characteristic length x to ensure the validity of the approximations. 
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FicurE 9.4 Laminar free convection boundary layer conditions on an isothermal, vertical 
surface. (a) Velocity profiles. (6) Temperature profiles [3]. 


A numerical solution has been obtained by Ostrach [3], and selected results are shown in 
Figure 9.4. Values of the x-velocity component u and the temperature T at any value of x 
and y may be obtained from Figure 9.4a and Figure 9.45, respectively. 

Figure 9.4b may also be used to infer the appropriate form of the heat transfer correla- 
tion. Using Newton’s law of cooling for the local convection coefficient h, the local Nusselt 
number may be expressed as 


_ hx _ lgsl(Ts ~ Teo) x 
ok k 


Nu 


Using Fourier’s law to obtain g% and expressing the surface temperature gradient in terms 
of n, Equation 9.13, and T*, Equation 9.16, it follows that 


k Y ae! be 
ls ae ee ee 
Hence 
he Gr,\"4 aT* Gr,\'4 
Nu, = = = ip 9.19 
ae ie al a) eC (9.19) 


which acknowledges that the dimensionless temperature gradient at the surface is a func- 
tion of the Prandtl number g(Pr). This dependence is evident from Figure 9.45 and has 
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been determined numerically for selected values of Pr [3]. The results have been correlated 
to within 0.5% by an interpolation formula of the form [4] 


0.75 Pri’? 
(0.609 + 1.221 Pr’? + 1.238 Pr)!" 


g(Pr) = (9.20) 
which applies for0 = Pr = ~. 

Using Equation 9.19 for the local convection coefficient and substituting for the local 
Grashof number, 
_#B, = Te 


p? 


Gr, 


the average convection coefficient for a surface of length L is then 


_ L T. — Tx 1/4 L 
h= 1f hdx = 7 E : | g(Pr) ae 
0 0 


4p? x 


Integrating, it follows that 


= bh A Gay 
ND ra (| (Pr) (9.21) 
or substituting from Equation 9.19, with x = L, 
Nu, = = Nuz, (9.22) 


The foregoing results apply irrespective of whether T, > T., or T, < T,,. If T, < T.., 
conditions are inverted from those of Figure 9.3. The leading edge is at the top of the plate, 
and positive x is defined in the direction of the gravity force. 


9.5 The Effects of Turbulence 


It is important to note that free convection boundary layers are not restricted to laminar 
flow. As with forced convection, hydrodynamic instabilities may arise. That is, distur- 
bances in the flow may be amplified, leading to transition from laminar to turbulent flow. 
This process is shown schematically in Figure 9.5 for a heated vertical plate. 

Transition in a free convection boundary layer depends on the relative magnitude of 
the buoyancy and viscous forces in the fluid. It is customary to correlate its occurrence in 


Quiescent 
fluid, 7, 
© 9/7 Turbulent 
&§ 
Transition 
Ra,,.~ 10° 


FicuRE 9.5 Free convection boundary layer transition on a 


vertical plate. 
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terms of the Rayleigh number, which is simply the product of the Grashof and Prandtl num- 
bers. For vertical plates the critical Rayleigh number is 


gb, = Tn) 


Ra,,,= Gr,,.Pr = a 


10° (9.23) 
An extensive discussion of stability and transition effects is provided by Gebhart et al. [2]. 

As in forced convection, transition to turbulence has a strong effect on heat transfer. 
Hence the results of the foregoing section apply only if Ra, S 10°. To obtain appropriate 
correlations for turbulent flow, emphasis is placed on experimental results. 


EXAMPLE 9.1 

Consider a 0.25-m-long vertical plate that is at 70°C. The plate is suspended in quiescent 
air that is at 25°C. Estimate the velocity boundary layer thickness and maximum upward 
velocity at the trailing edge of the plate. How does the boundary layer thickness compare 
with the thickness that would exist if the air were flowing over the plate at a free stream 
velocity of 5 m/s? 


SOLUTION 


Known: Vertical plate is in quiescent air at a lower temperature. 


Find: Velocity boundary layer thickness and maximum upward velocity at trailing edge. 
Compare boundary layer thickness with value corresponding to an air speed of 5 m/s. 


Schematic: 
6, ke 
L=0.25m- 
T,= 70°C 
fm 7. = 25°C 
“ Wu. =0or5 mis 
Assumptions: 


1. Ideal gas. 
2. Constant properties. 


3. Buoyancy effects negligible when u,, = 5 m/s. 


Properties: Table A.4, air (J; = 320.5 K): vy = 17.95 X 10°* m/s, Pr = 0.7, B Te 
3.12 x 103K. 


Analysis: For the quiescent air, Equation 9.12 gives 


_ gB(T, — Too)L? 
— 


_ 9.8 m/s” X (3.12 X 10-3 K~')(70 — 25)°C(0.25 m)? 
(17.95 X 10~° m*/s)? 


Gr, 


= 6.69 X 10’ 
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Hence Ra, = Gr, Pr = 4.68 X 10’ and, from Equation 9.23, the free convection boundary 
layer is laminar. The analysis of Section 9.4 is therefore applicable. From the results of 
Figure 9.4a, it follows that, for Pr = 0.7, n ~ 6.0 at the edge of the boundary layer, that is, 
at y ~ 6. Hence 


5 ~ OL _ _ 6(0.25 m) 
“ (Gr,/4)"4 (1.67 x 107) 


= 0.024m < 


From Figure 9.4a, it can be seen that the maximum velocity corresponds to f’(n) ~ 0.28 
and the velocity is 


2vf'(n)Gr? 2X 17.95 X 10 °m’/s X 0.28 X (6.69 X 10’)? 
u= ~= 


= 0.33 m/ < 
L 0.25 m 
For airflow at u,, = 5 m/s 
xX 0.2 
fo nie 
17.95 X 10° m*/s 
and the boundary layer is laminar. Hence, from Equation 7.17, 
5(0.25 
~ SE -_ OS) _ 90047 m < 


L 


Rell? (6.97 X 10%)!2 


Comments: 


1. Free convection boundary layers typically have smaller velocities than in forced 
convection, which leads to thicker boundary layers. In turn, free convection boundary 
layers typically pose a larger resistance to heat transfer than forced convection bound- 
ary layers. 


2. (Gr/Re) = 0.014 < 1, and the assumption of negligible buoyancy effects for u., = 5 m/s 
is justified. 


9.6 Empirical Correlations: External Free Convection Flows 


In the preceding sections, we considered free convection associated with laminar boundary 
layer development adjacent to a heated vertical plate and transition of the laminar flow to a 
turbulent state. In doing so, we introduced two dimensionless parameters, the Grashof 
number Gr and the Rayleigh number Ra, which also appear in empirical correlations for 
free convection involving both laminar and turbulent flow conditions and in geometries 
other than a flat plate. 

In this section we summarize empirical correlations that have been developed for com- 
mon immersed (external flow) geometries. The correlations are suitable for many engineering 
calculations and are often of the form 


i fs =CRa (9.24) 
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where the Rayleigh number, 


we en 
n= Cp (9.25) 
is based on the characteristic length L of the geometry. Typically, n = j and 5 for laminar 
and turbulent flows, respectively. For turbulent flow it then follows that h, is independent 
of L. Note that all properties are evaluated at the film temperature, T; = (7, + T..)/2. 


9.6.1 The Vertical Plate 


Expressions of the form given by Equation 9.24 have been developed for the vertical plate 
[5-7]. For laminar flow (10* S Ra, < 10°), C = 0.59 and n = 1/4, and for turbulent flow 
(10° S Ra, = 10'*), C = 0.10 and n = 1/3. A correlation that may be applied over the 
entire range of Ra, has been recommended by Churchill and Chu [8] and is of the form 


(9.26) 


= 0.387 Ral!® 2 
Nu, = {o.s2s # GL | 


[1 + 0.492/Pr) "9987 


Although Equation 9.26 is suitable for most engineering calculations, slightly better accu- 
racy may be obtained for laminar flow by using [8] 


0.670 Ra;'* 
[i O492/en | 


Nu, = 0.68 + Ra, = 10° (9.27) 


When the Rayleigh number is moderately large, the second term on the right-hand side of 
Equations 9.26 and 9.27 dominates, and the correlations are the same form as Equation 
9.24, except that the constant, C, is replaced by a function of Pr. Equation 9.27 is then in 
excellent quantitative agreement with the analytical solution given by Equations 9.21 and 
9.20. In contrast, when the Rayleigh number is small, the first term on the right-hand side 
of Equations 9.26 and 9.27 dominates, and the equations yield the same behavior since 
0.825? ~ 0.68. The presence of leading constants in Equations 9.26 and 9.27 accounts for 
the fact that, for small Rayleigh number, the boundary layer assumptions become invalid 
and conduction parallel to the plate is important. 

It is important to recognize that the foregoing results have been obtained for an isother- 
mal plate (constant T,). If the surface condition is, instead, one of uniform heat flux (constant 
q,), the temperature difference (7, — T..) will vary with x, increasing from the leading edge. 
An approximate procedure for determining this variation may be based on results [8, 9] 
showing that Nu, correlations obtained for the isothermal plate may still be used to an excel- 
lent approximation, if Nw, and Ra, are defined in terms of the temperature difference at the 
midpoint of the plate, AT,,. = T,(L/2) — T.,. Hence, with h = q{/AT,», a correlation such as 
Equation 9.27 could be used to determine A7;,, (for example, using a trial-and-error tech- 
nique), and hence the midpoint surface temperature 7,(L/2). If it is assumed that Nu, « Ra}’* 
over the entire plate, it follows that 


" 
qsXx 


kAT 


oc AT "4x34 


or 
AT « xls 
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Hence the temperature difference at any x is 


1/5 1/5 
AT, ~ ae AT 2= 1,15 (:) AT ips (9.28) 


A more detailed discussion of constant heat flux results is provided by Churchill [10]. 

The foregoing results may also be applied to vertical cylinders of height L, if the 
boundary layer thickness 6 is much less than the cylinder diameter D. This condition is 
known to be satisfied [11] when 

D 35 


— 


L~ Grif 


Cebeci [12] and Minkowycz and Sparrow [13] present results for slender, vertical cylinders 
not meeting this condition, where transverse curvature influences boundary layer develop- 
ment and enhances the rate of heat transfer. 


EXAMPLE 9.2 


A glass-door firescreen, used to reduce exfiltration of room air through a chimney, has 
a height of 0.71 m and a width of 1.02 m and reaches a temperature of 232°C. If the 
room temperature is 23°C, estimate the convection heat rate from the fireplace to 
the room. 


SOLUTION 


Known: Glass screen situated in fireplace opening. 


Find: Heat transfer by convection between screen and room air. 


Schematic: 
Glass Height, L= 0.71 m 
panel | | Width, w= 1.02 m 
NJ Quiescent 
) _ air 
( Aconv T., = 23°C 
Fire | \ I-T, = 232°C 
Assumptions: 


1. Screen is at a uniform temperature T,. 
2. Room air is quiescent. 

3. Ideal gas. 

4. Constant properties. 


Properties: Table A.4, air (T;= 400K): k = 33.8 X 10° W/mK, v = 26.4 X 10°° 
m’/s, a = 38.3 X 10° m’/s, Pr = 0.690, B = (1/T;) = 0.0025 K™!. 
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Analysis: The rate of heat transfer by free convection from the panel to the room is given 
by Newton’s law of cooling 


q=hA,(T, — Ta) 
where h may be obtained from knowledge of the Rayleigh number. Using Equation 9.25, 
_ gB(T, — Tx)L? 


Ra, AG 
9.8 m/s* X 0.0025 K~! x (232 — 23)°C X (0.71 m)* 


3 —— = 1.813 Xx 10° 
38.3 X 10 °m*/s X 26.4 X 10 °m‘/s 


and from Equation 9.23 it follows that transition to turbulence occurs on the panel. The 
appropriate correlation is then given by Equation 9.26 


—_ 0.387 Ral® 2 
Nu, = 40.825 4 ge 
[1 + (0.492/Pr)9)87 
— 0.387(1.813 x 10°)'6  }2 
Nu, = 40.825 + ( ) = 147 
[1 + (0.492/0.690)7"%] 877 
Hence 
— Nuk “3 F 
a z _ 147x ae Wii = ap spied 
and 
q = 7.0 W/m?- K (1.02 X 0.71) m? (232 — 23)°C = 1060 W <J 
Comments: 


1. Radiation heat transfer effects are often significant relative to free convection. Using 
Equation 1.7 and assuming ¢ = 1.0 for the glass surface and T,,, = 23°C, the net rate 
of radiation heat transfer between the glass and the surroundings is 


Grad = eAo(T} > ee 
Grad = 1(1.02 X 0.71)m? X 5.67 X 1078 W/m?: K4 (505* — 296*) K4 
Grad = 2355 W 


Hence in this case radiation heat transfer exceeds free convection heat transfer by 
more than a factor of 2. 


2. The effects of radiation and free convection on heat transfer from the glass depend 
strongly on its temperature. With g « T¢ for radiation and g « 7” for free convection, 
where 1.25 <n < 1.33, we expect the relative influence of radiation to increase with 
increasing temperature. This behavior is revealed by computing and plotting the heat 
rates as a function of temperature for 50 = T, = 250°C. 
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50 100 150 200 250 
T, (°C) 


For each value of T, used to generate the foregoing free convection results, air proper- 
ties were determined at the corresponding value of T;. 


9.6.2 Inclined and Horizontal Plates 


For a vertical plate that is hot (or cold) relative to an ambient fluid, the plate is aligned 
with the gravitational vector, and the buoyancy force acts exclusively to induce fluid motion 
in the upward (or downward) direction. However, if the plate is inclined with respect to 
gravity, the buoyancy force has a component normal, as well as parallel, to the plate sur- 
face. With a reduction in the buoyancy force parallel to the surface, there is a reduction in 
fluid velocities along the plate, and one might expect there to be an attendant reduction in 
convection heat transfer. Whether, in fact, there is such a reduction depends on whether one 
is interested in heat transfer from the top or bottom surface of the plate. 

As shown in Figure 9.6a, if the plate is cold, the y-component of the buoyancy force, 
which is normal to the plate, acts to maintain the descending boundary layer flow in contact 
with the top surface of the plate. Since the x-component of the gravitational acceleration is 
reduced to g cos 6, fluid velocities along the plate are reduced and there is an attendant 
reduction in convection heat transfer to the top surface. However, at the bottom surface, 
the y-component of the buoyancy force acts to move fluid from the surface, and boundary 
layer development is interrupted by the discharge of parcels of cool fluid from the surface 
(Figure 9.6a). The resulting flow is three-dimensional, and, as shown by the spanwise 
(z-direction) variations of Figure 9.6, the cool fluid discharged from the bottom surface is 
continuously replaced by the warmer ambient fluid. The displacement of cool boundary 
layer fluid by the warmer ambient and the attendant reduction in the thermal boundary layer 
thickness act to increase convection heat transfer to the bottom surface. In fact, heat transfer 
enhancement due to the three-dimensional flow typically exceeds the reduction associated with 
the reduced x-component of g, and the combined effect is to increase heat transfer to the bot- 
tom surface. Similar trends characterize a hot plate (Figure 9.6c,d), and the three-dimensional 
flow is now associated with the upper surface, from which parcels of warm fluid are dis- 
charged. Such flows have been observed by several investigators [14-16]. 

In an early study of heat transfer from inclined plates, Rich [17] suggested that convection 
coefficients could be determined from vertical plate correlations, if g is replaced by 
g cos @ in computing the plate Rayleigh number. Since then, however, it has been determined 
that this approach is only satisfactory for the top and bottom surfaces of cold and hot 
plates, respectively. It is not appropriate for the top and bottom surfaces of hot and cold plates, 
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Plate, T, 


(b) 
Fluid, 7. Fluid, 7. 
|: VTFevwe 
SS | 
ere Zz Plate, T, 
(d) 


FIGURE 9.6 Buoyancy-driven flows on an inclined plate: (a) Side 
view of flows at top and bottom surfaces of a cold plate (T, < T.,). 
(b) End view of flow at bottom surface of cold plate. (c) Side view of 
flows at top and bottom surfaces of a hot plate (7, > T..). (d) End 
view of flow at top surface of hot plate. 


respectively, where the three-dimensionality of the flow has limited the ability to develop gen- 
eralized correlations. At the top and bottom surfaces of cold and hot inclined plates, respec- 
tively, it is therefore recommended that, for 0 = 6 S 60°, g be replaced by g cos @ and that 
Equation 9.26 or 9.27 be used to compute the average Nusselt number. For the opposite sur- 
faces, no recommendations are made, and the literature should be consulted [14-16]. 

If the plate is horizontal, the buoyancy force is exclusively normal to the surface. As 
for the inclined plate, flow patterns and heat transfer depend strongly on whether the sur- 
face is cold or hot and on whether it is facing upward or downward. For a cold surface fac- 
ing upward (Figure 9.7a) and a hot surface facing downward (Figure 9.7d), the tendency of 
the fluid to descend and ascend, respectively, is impeded by the plate. The flow must move 
horizontally before it can descend or ascend from the edges of the plate, and convection 
heat transfer is somewhat ineffective. In contrast, for a cold surface facing downward 
(Figure 9.7b) and a hot surface facing upward (Figure 9.7c), flow is driven by descending 
and ascending parcels of fluid, respectively. Conservation of mass dictates that cold (warm) 
fluid descending (ascending) from a surface be replaced by ascending (descending) warmer 
(cooler) fluid from the ambient, and heat transfer is much more effective. 

For horizontal plates of various shapes (for example, squares, rectangles, or circles), 
there is a need to define the characteristic length for use in the Nusselt and Rayleigh num- 
bers. Experiments have shown [18, 19] that a single set of correlations can be used for a 
variety of different plate shapes when the characteristic length is defined as 
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Fluid, 7. 

Plate, T, FIGURE 9.7 Buoyancy-driven flows on 
horizontal cold (7, < T.,) and hot (7, > T..) 
plates: (a) Top surface of cold plate. 

Fluid, 7. (b) Bottom surface of cold plate. (c) Top 
surface of hot plate. (d) Bottom surface of 

(c) (d) hot plate. 


where A, and P are the plate surface area (one side) and perimeter, respectively. Using this 
characteristic length, the recommended correlations for the average Nusselt number are 


Upper Surface of Hot Plate or Lower Surface of Cold Plate [19]: 


Nu, = 0.54 Ral (10° S Ra, = 10’, Pr = 0.7) (9.30) 
Nu, = 0.15 Raj? (107S Ra, = 10", all Pr) (9.31) 


Lower Surface of Hot Plate or Upper Surface of Cold Plate [20]: 
Wi; —052 Ra,” (10 = Ra) = 10% Pr = 0.7) (9.32) 


Additional correlations can be found in [21]. 


EXAMPLE 9.3 


Airflow through a long rectangular heating duct that is 0.75 m wide and 0.3 m high main- 
tains the outer duct surface at 45°C. If the duct is uninsulated and exposed to air at 15°C in 
the crawlspace beneath a home, what is the heat loss from the duct per meter of length? 


SOLUTION 


Known: Surface temperature of a long rectangular duct. 


Find: Heat loss from duct per meter of length. 
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Schematic: 
ae aa 
Long duct 
&- H=0.3m 
Ef 75 De Fs 
Assumptions: 


1. Ambient air is quiescent. 

2. Surface radiation effects are negligible. 
3. Ideal gas. 

4. Constant properties. 


Properties: Table A.4, air (T; = ne K): v = 16,2 X 10° m/s, w= 22,9 < 107° mss, 
k = 0.0265 W/m: K, B = 0.0033 K'", Pr = 0.71. 


Analysis: Surface heat loss is by free convection from the vertical sides and the horizon- 
tal top and bottom. From Equation 9.25 


gB(T, —T..)L> _ (9.8 m/s*)(0.0033 K~')(30 K) L? (m?) 
= (16.2 X 10°° m7/s)(22.9 X 10°° m7/s) 
t= 262% 1017 


Ra, = 


For the two sides, L = H = 0.3m. Hence Ra, = 7.07 X 10’. The free convection boundary 
layer is therefore laminar, and from Equation 9.27 
0.670 Ra;* 


Nu, = 0.68 + 
[1 + (0.492/PH 


The convection coefficient associated with the sides is then 


= k — 
h, = H Nu, 
7\ 1/4 
i, _ 0.0265 W/m: K 0.670(7.07 X 10°) — 423 Wim2?-K 
0.3m [1 + (0.492/0.71)%"%|*° 


For the top and bottom, L = (A,/P) ~ (w/2) = 0.375 m. Hence Ra; = 1.38 X 10°, and from 
Equations 9.31 and 9.32, respectively, 


h, = [k/(w/2)] X 0.15 Raj? = 0.0265 W/m: K 0.15(1.38 X 108)!3 
0.375 m 
= 5.47 Wim? -K 
= [k(w/2)] X 0.52 Raz? = 0.0265 Wim * Ky 9 59(1.38 x 108)" 
0.375 m 


= 1.56 W/m?:K 
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The rate of heat loss per unit length of duct is then 


q' =2q, + q + dy = (2h,*H + hw t+ hy wT, — Too) 
gq! =(2X 4.23 X 0.3 + 5.47 X 0.75 + 1.56 X 0.75)(45 — 15) W/m 
q' = 234 W/m < 


Comments: 


1. The heat loss may be reduced by insulating the duct. We consider this option for a 25- 


mm-thick layer of blanket insulation (k = 0.035 W/m: K) that is wrapped around the duct. 


Quiescent air 


T. 
h,T,= 15°C | 

T, 2 _ Reonw 

S=5==— === == Ts 
Insulation OE - 

ee _— | - 

] Ty 
Ty = 45°C t=25mm f 


The heat loss at each surface may be expressed as 
= Ty) ~~ To 
ae 


con conv 


q' 
where Rj,,, iS associated with free convection from the outer surface and hence 
depends on the unknown temperature T,,. This temperature may be determined by 
applying an energy balance to the outer surface, from which it follows that 

cond = Goin 
or 
(Ty, = T,) -_ (Ty2 Ts To) 
(t/k) (1/h) 


Since different convection coefficients are associated with the sides, top, and bottom 
(h,, h, and h,), a separate solution to this equation must be obtained for each of the 
three surfaces. The solutions are iterative, since the properties of air and the convec- 
tion coefficients depend on 7,. Performing the calculations, we obtain 


Sides T.»=2A°C, h,= 3.18 Win? -K 
Top T.9 = 23°C, h,=3.66 Wim’?-K 
Bottom T,.= 30°C, h,=1.36 Win?-K 


Neglecting heat loss through the corners of the insulation, the total heat rate per unit 
length of duct is then 


q =2q,+4:+ qd 
pe 2H(T, ~— T..) ab wT, ae T..) : wT. = Tx) 
(Hk) +(/h,) (tk) + lh) (tk) + Ah, 


q 
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which yields 
q' = (17.5 + 22.8 + 15.5) W/m = 55.8 W/m 


The insulation therefore provides a 76% reduction in heat loss to the ambient air by 
natural convection. 

2. Although they have been neglected, radiation losses may still be significant. From 
Equation 1.7 with ¢ assumed to be unity and T7,,, = 288 K, dtq = 398 W/m for the 
uninsulated duct. Inclusion of radiation effects in the energy balance for the insulated 
duct would reduce the outer surface temperatures, thereby reducing the convection 
heat rates. With radiation, however, the total heat rate (qoony + Ytaq) WOuld increase. 


9.6.3 The Long Horizontal Cylinder 


This important geometry has been studied extensively, and many existing correlations have 
been reviewed by Morgan [22]. For an isothermal cylinder, Morgan suggests an expression 
of the form 


Nip = 22. = CRa’, (9.33) 


where C and n are given in Table 9.1 and Rap and Nup are based on the cylinder diameter. 
In contrast, Churchill and Chu [23] have recommended a single correlation for a wide 
Rayleigh number range: 


0.387 Ra}i® 
[1 + (0.559/Pr)™]87 


2 
Nup = {0.0 a | Ray < 10” (9,34) 


The foregoing correlations provide the average Nusselt number over the entire circumfer- 
ence of an isothermal cylinder. As shown in Figure 9.8 for a heated cylinder, local Nusselt 
numbers are influenced by boundary layer development, which begins at 6 = 0 and con- 
cludes at 9 < a with formation of a plume ascending from the cylinder. If the flow remains 
laminar over the entire surface, the distribution of the local Nusselt number with @ is char- 
acterized by a maximum at 0 = 0 and a monotonic decay with increasing 0. This decay 
would be disrupted at Rayleigh numbers sufficiently large (Rap = 10°) to permit transition 
to turbulence within the boundary layer. If the cylinder is cooled relative to the ambient 
fluid, boundary layer development begins at 6 = 7, the local Nusselt number is a maxi- 
mum at this location, and the plume descends from the cylinder. 


TABLE 9.1 Constants of Equation 9.33 for free convection 
on a horizontal circular cylinder [22] 


Rap Cc n 

10°1°-10°7 0.675 0.058 
10~7-107 1.02 0.148 
10°-10* 0.850 0.188 
10*-107 0.480 0.250 


10’-10" 0.125 0.333 
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Plume 


i. 
Ambient fluid, tT. 
Boundary — 
layer FicureE 9.8 Boundary layer development 
and Nusselt number distribution on a heated 
0 horizontal cylinder. 
EXAMPLE 9.4 
[eee eee 


The fluid of Example 2.2 is characterized by a thermal conductivity, density, specific heat, 
and dynamic viscosity of 0.705 W/m:K, 1146kg/m*, 3587 J/kg-K, and 962 x 10° 
N-s/m’, respectively. An experiment is conducted in which a long aluminum rod of 
diameter D = 20 mm and initial temperature 7, = 32°C is suddenly immersed horizon- 
tally into a large bath of the fluid at a temperature of T,, = 22°C. At t = 65s, the mea- 
sured temperature of the rod is T; = 23°C. Determine the thermal expansion coefficient 
of the fluid B. 


SOLUTION 


Known: Initial and final temperatures of aluminum rod of known diameter. Temperature 
and properties of the fluid. 


Find: Thermal expansion coefficient of the fluid. 


Schematic: 
Quiescent nanofluid > 
T= 22°C 
a Thermocouple 
‘ conv A 
20 mm diameter ; lead wires 

eT 

t T,, = 32°C 
Assumptions: 


1. Constant properties. 


2. Spatially uniform rod temperature (applicability of the lumped capacitance approxi- 
mation). 


Properties: Table A.1, aluminum (T= 300 K): p, = 2702 kg/m?, ,,,— 903 Jike*K, 
k, = 237 W/m: K. 
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Analysis: Because the temperature difference between the rod and the fluid decreases 
with time, we expect the convection heat transfer coefficient to decrease as cooling pro- 
ceeds. Since h depends on buoyancy forces established by temperature differences, the 
analysis of Section 5.3.3 may be applied. From Equations 5.28 and 5.26 


6 nC\A, Oo; =e 
ce ea | (1) 
6; PVCu 


I 


where h = C,(T, — T,,)" and 6 = T, — T,,. From Equation 9.33, Nup = C Raj,. Substituting 
definitions of the Nusselt and Rayleigh numbers into Equation 9.33 yields 


z_ ok gBD* |" n 
h= C5 Tore (2) 
From a comparison of Equation 2 with the expression h = C,(T, — T.,)", it is evident that 
_ ok| gBD' 
C; — Ca VQ (3) 


Defining a final excess temperature as 0;=T,-—T,, at t= t and noting that v, = y,/p, 
a, = k,/p,c,,, and A, ./V = 4/D, Equation 3 may be substituted into Equation 1, yielding 


= Ki Pil? ( 6, —n 1 1/n ‘6 
CpiPigD” 4k, Cnt, 6} 0; 


For now we will assume the Rayleigh number falls in the range 10* < Rap = 10’, for 
which C = 0.480 and n = 0.250 from Table 9.1. Hence the thermal expansion coefficient is 


gs 0.705 W/m: K X 962 X 10°°N-<s/m? 
3587 J/kg: K X (1146 kg/m*)’ X 9.81 m/s* X (20 X 10°? m)? 


2702 kg/m? x 903 J/kg *K X (20 X 1073 my? (ue) if} 


4 X 0.705 W/m: K X 0.480 X 0.25 X 65s X (10 K)°” | \ 10 
= 261 x 10°°K"! 4 


Using this value of the thermal expansion coefficient, the Rayleigh number based on the 
initial temperature difference is 


_ gB0;,D> _ 8Bp*C,,9;D° 
i bik; 


Rap max 


_ 9.81 m/s? X 261 X 10-6 K"! x (1145 kg/m)? x 3587 J/kg -K X 10K X (20 X 1073 m) 
962 X 10° °N°s/m? X 0.705 W/m: K 


= 1.42 x 10° 


Since 6, = 6,/10, the minimum value of the Rayleigh number during the cooling process 
is Rap min = RApmax/10 = 1.42 X 10°. Therefore, 10* < Rap min < RAp.max < 10’, and the 
values of C and n selected from Table 9.1 are appropriate. Hence the foregoing value of 
the thermal expansion coefficient is correct. 
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Comments: 
1. The manner in which the rod temperature decreases during the cooling process may be 
determined from Equation | with C, obtained from Equation 3. The rod temperature 
history is shown in the figure. 


10 
8 
6 
S 
- 4 
2 
0 
0 20 40 60 80 
t (s) 


2. Since the temperature difference between the rod and the fluid decreases with time, the 
Rayleigh number also decreases as cooling proceeds. This leads to a gradual reduction 
in the convection heat transfer coefficient during cooling, as can be determined by 
solving Equation 2 once 6(f) is known. 


650 


550 


350 


t (s) 


3. The maximum value of the convection heat transfer coefficient is h,,,, = 584 W/m?:K. 
This corresponds to a maximum Biot number of Bipax = Mmax(D/2)/k, = 584 W/m?+K X 
(20 X 10°? m/2)/237 W/m: K = 0.025 when the criterion of Equation 5.10 is applied in a 
conservative fashion. Since Bi,,.., < 0.1, we conclude that the lumped capacitance approx- 
imation is valid. 


4. Because the rod temperature continually decreases, the buoyancy forces within the 
fluid decrease with time. Hence fluid velocities continually evolve as the temperature 
difference between the rod and the fluid slowly decays. Equation 9.33 is strictly 
applicable only for steady-state conditions. In applying the correlation here, we have 
implicitly assumed that the instantaneous heat transfer rate from the rod is the same as 
the steady-state heat transfer rate ifthe same temperature difference exists between the 
rod and the fluid. This assumption often yields predictions of acceptable accuracy and 
is referred to as the quasi-steady approximation. 
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9.6.4 Spheres 


The following correlation due to Churchill [10] is recommended for spheres in fluids of 
Pr = 0.7 and for Rap = 10''. 


a 0.589 Raj" 
Nip = 2 + 9.35 
[1 + (0.469/Pr) 9} eae 


In the limit as Rap — 0, Equation 9.35 reduces to Nup = 2, which corresponds to heat 
transfer by conduction between a spherical surface and a stationary infinite medium, in a 
manner consistent with Equations 7.48 and 7.49. 

Recommended correlations from this section are summarized in Table 9.2. Results for 
other immersed geometries and special conditions are presented in comprehensive reviews 
by Churchill [10] and Raithby and Hollands [21]. 


TABLE 9.2. Summary of free convection empirical correlations 
for immersed geometries 


Recommended 
Geometry Correlation Restrictions 


1. Vertical plates* 


[/ \ 
| Equation 9.26 None 


2. Inclined plates 
Cold surface up or hot 
surface down 


y i Equation 9.26 0=0= 60° 
g—>gcosé 


3, Horizontal plates 
(a) Hot surface up or 
cold surface down 


i _/ [} mY Equation 9.30 10° < Ra, = 10’, Pr = 0.7 


——— Equation 9.31 10’ S Ra, < 10"! 


(b) Cold surface up or 
hot surface down 


Lt 


Equation 9.32 10* S Ra, = 10°, Pr = 0.7 
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TABLE 9.2 Continued 


Recommended 
Geometry Correlation Restrictions 


4, Horizontal cylinder 


\o Equation 9.34 Rap = 10" 


5. Sphere 


\O/ Equation 9.35 Rap < 10"! 
Pr=0.7 


“ The correlation may be applied to a vertical cylinder if (D/L) = (35/Gr}). 


9.7 Free Convection Within Parallel Plate Channels 


A common free convection geometry involves vertical (or inclined) parallel plate channels 
that are open to the ambient at opposite ends (Figure 9.9). The plates could constitute a fin 
array used to enhance free convection heat transfer from a base surface to which the fins are 
attached, or they could constitute an array of circuit boards with heat-dissipating electronic 
components. Surface thermal conditions may be idealized as being isothermal or isoflux 
and symmetrical (T,; = 7,9; gf, = g%2) or asymmetrical (T,, # T,93 gf) # Gfo)- 

For vertical channels (6 = 0) buoyancy acts exclusively to induce motion in the 
streamwise (x) direction and, beginning at x = 0, boundary layers develop on each sur- 
face. For short channels and/or large spacings (small L/S), independent boundary layer 
development occurs at each surface and conditions correspond to those for an isolated 
plate in an infinite, quiescent medium. For large L/S, however, boundary layers develop- 
ing on opposing surfaces eventually merge to yield a fully developed condition. If the 
channel is inclined, there is a component of the buoyancy force normal, as well as parallel, 


Ambient fluid, 7_, 


€, 


Isothermal (T, ;) 
or isoflux (q‘, 1) 
surface 


Isothermal (7, 5) 
or isoflux (q' 9) 
surface 


j 


Va t FicurE 9.9 Free convection flow between heated 
Ambient fluid. 7 parallel plates with opposite ends exposed to a 
4 quiescent fluid. 
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to the streamwise direction, and conditions may strongly be influenced by development of 
a three-dimensional, secondary flow. 


9.7.1 Vertical Channels 


Beginning with the benchmark paper by Elenbaas [24], the vertical orientation has been 
studied extensively for symmetrically and asymmetrically heated plates with isothermal or 
isoflux surface conditions. For symmetrically heated, isothermal plates, Elenbaas obtained 
the following semiempirical correlation: 


ae el S epee lige 
Nus=—R 1 936 
des (3) a | Ras ual ee 
where the average Nusselt and Rayleigh numbers are defined as 
— _{ qA \s 
Nus = (; = ) k (9.37) 


and 


ee, =To)S 
_ av 


Ras (9.38) 


Equation 9.36 was developed for air as the working fluid, and its range of applicability is 
Lo" < * Ras < 104 


Knowledge of the average Nusselt number for a plate therefore permits determination of 
the total heat rate for the plate. In the fully developed limit (S/L — 0), Equation 9.36 
reduces to 


Ras(S/L) 


nA (O39) 


N Uscfa) = 


Retention of the L dependence results from defining Nu; in terms of the fixed inlet (ambient) 
temperature and not in terms of the fluid mixed-mean temperature, which is not explicitly 
known. For the common condition corresponding to adjoining isothermal (7, ;) and insu- 
lated (q%, = 0) plates, the fully developed limit yields the following expression for the 
isothermal surface [25]: 


— Ra,(S/L) 
Nusa) = = eee (9.40) 
For isoflux surfaces, it is more convenient to define a local Nusselt number as 
qs _\S 
Nus;, =\ >—— ] = 9.41 
~ (x; eae — 
and to correlate results in terms of a modified Rayleigh number defined as 
" St 
Rat = §P4S” (9.42) 


kav 
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The subscript L refers to conditions at x = L, where the plate temperature is a maximum. 
For symmetric, isoflux plates the fully developed limit corresponds to [25] 


Nusx¢a = 0.144[Raé(S/L)]'? (9.43) 
and for asymmetric isoflux conditions with one surface insulated (g’, = 0) the limit is 
Nuts r(¢a) = 0.204[Ra¥ (S/L)]""* (9.44) 


Combining the foregoing relations for the fully developed limit with available results 
for the isolated plate limit, Bar-Cohen and Rohsenow [25] obtained Nusselt number corre- 
lations applicable to the complete range of S/L. For isothermal and isoflux conditions, 
respectively, the correlations are of the form 


a Ci Cy alld 
Nus = 5+ a (9.45) 
(Ras SIL? (Ras SIL 
(CF G 1/2 
Nus, = 9.46 
ce FE SIL (Ra® S/L =| Ce 


where the constants C, and C, are given in Table 9.3 for the different surface thermal con- 
ditions. In each case the fully developed and isolated plate limits correspond to Ras (or 
Ra¥)S/L = 10 and Rag (or Ra¥)S/L = 100, respectively. 

Bar-Cohen and Rohsenow [25] used the foregoing correlations to infer the optimum 
plate spacing S,,, for maximizing heat transfer from an array of isothermal plates, as well as 
the spacing S,,,, needed to maximize heat transfer from each plate in the array. Existence of 
an optimum for the array results from the fact that, although heat transfer from each plate 
decreases with decreasing S, the number of plates that may be placed in a prescribed vol- 
ume increases. Hence S,,, maximizes heat transfer from the array by yielding a maximum 
for the product of h and the total plate surface area. In contrast, to maximize heat transfer 
from each plate, S,,,, must be large enough to preclude overlap of adjoining boundary lay- 
ers, such that the isolated plate limit remains valid over the entire plate. 

Consideration of the optimum plate spacing is particularly important for vertical paral- 
lel plates used as fins to enhance heat transfer by natural convection from a base surface of 
fixed width W. With the temperature of the fins exceeding that of the ambient fluid, flow 
between the fins is induced by buoyancy forces. However, resistance to the flow is associ- 
ated with viscous forces imposed by the surface of the fins, and the rate of mass flow 
between adjoining fins is governed by a balance between buoyancy and viscous forces. 
Since viscous forces increase with decreasing S, there is an accompanying reduction in the 
flow rate, and hence h. However, for fixed W, the attendant increase in the number of fins 
increases the total surface area A, and yields a maximum in hA, for S = Doe FOt SS 5u 


TABLE 9.3 Heat transfer parameters for free convection 
between vertical parallel plates 


Surface Condition C, C, Sopt Smax!Sopt 
Symmetric isothermal plates (T,, = T,.2) 576 2.87 2.71(Ras/S*L) “4 1.71 
Symmetric isoflux plates (¢{, = q/4 48 2.51 2.12(Ra$/S4L) | 4.77 
Isothermal/adiabatic plates (T, ;, qi. = 0) 144 2.87 2.15(Ras/S°L)'" 1.71 


Isoflux/adiabatic plates (¢/; = gi. = 0) 24 2.51 1.69(Ra%/S*L) | 4.77 
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the amount by which h is diminished by viscous effects exceeds the increase in A,; for 
S > S,,:, the amount by which A, is diminished exceeds the increase in h. 

For isoflux plates, the total volumetric heat rate simply increases with decreasing S. 
However, the need to maintain T, below prescribed limits precludes reducing S to extremely 
small values. Hence S,,, may be defined as that value of S which yields the maximum volu- 
metric heat dissipation per unit temperature difference, 7,(L) — T.,. The spacing S,,,, that 
yields the lowest possible surface temperature for a prescribed heat flux, without regard to 
volumetric considerations, is again the value of S that precludes boundary layer merger. Val- 
ues of S,,, and Sirax/Sop are presented in Table 9.3 for plates of negligible thickness. 

In using the foregoing correlations, fluid properties are evaluated at average tempera- 
tures of T = (T, + T.,)/2 for isothermal surfaces and T = (T,, + T..)/2 for isoflux surfaces. 


9.7.2 Inclined Channels 


Experiments have been performed by Azevedo and Sparrow [16] for inclined channels in 
water. Symmetric isothermal plates and isothermal-insulated plates were considered for 
0 = 6 = 45° and conditions within the isolated plate limit, Ra;(S/L) > 200. Although 
three-dimensional secondary flows were observed at the lower plate, when it was heated, 
data for all experimental conditions were correlated to within +10% by 


Nus = 0.645[Ras(S/L)]"4 (9.47) 


Departures of the data from the correlation were most pronounced at large tilt angles with 
bottom surface heating and were attributed to heat transfer enhancement by the three- 
dimensional secondary flow. Fluid properties are evaluated at T = (7, + T.,)/2. 


9.8 Empirical Correlations: Enclosures 


The foregoing results pertain to free convection between a surface and an extensive fluid 
medium. However, engineering applications frequently involve heat transfer between sur- 
faces that are at different temperatures and are separated by an enclosed fluid. In this sec- 
tion we present correlations that are pertinent to the most common geometries. 


9.8.1 Rectangular Cavities 


The rectangular cavity (Figure 9.10) has been studied extensively, and comprehensive 
reviews of both experimental and theoretical results are available [26, 27]. Two of the 
opposing walls are maintained at different temperatures (7, > 7), while the remaining 


Cold 
surface 
T, 


” Horizontal FIGURE 9.10 Free convection in a 
plane Cae rectangular cavity. 


590 


Chapter 9 = Free Convection 


walls are insulated from the surroundings. The tilt angle 7 between the heated and cooled 
surfaces and the horizontal can vary from 0° (horizontal cavity with bottom heating) to 90° 
(vertical cavity with sidewall heating) to 180° (horizontal cavity with top heating). The heat 
flux across the cavity, which is expressed as 


q" =h(T, — T)) (9.48) 


can depend strongly on the aspect ratio H/L, as well as the value of 7. For large values of 
the aspect ratio w/L, its dependence on w/L is small and may be neglected for the purposes 
of this text. 

The horizontal cavity heated from below (7 = 0) has been considered by many investi- 
gators. For H/L, w/L >1, and Rayleigh numbers less than a critical value of Ra, = 1708, 
buoyancy forces cannot overcome the resistance imposed by viscous forces and there is no 
advection within the cavity. Hence heat transfer from the bottom to the top surface occurs 
by conduction or, for a gas, by conduction and radiation. Since conditions correspond to 
one-dimensional conduction through a plane fluid layer, the convection coefficient is 
h = k/L and Nu, = 1. However, for 


gB(T, — T)L* 


a > 1708 


Ra, = 
conditions are thermally unstable and there is advection within the cavity. For Rayleigh 
numbers in the range 1708 < Ra, <5 X 10%, fluid motion consists of regularly spaced roll 
cells (Figure 9.11), while for larger Rayleigh numbers, the cells break down and the fluid 
motion evolves through many different patterns before becoming turbulent. 

As a first approximation, convection coefficients for the horizontal cavity heated from 
below may be obtained from the following correlation proposed by Globe and Dropkin [28]: 

Nu, ="! = 0.069 Raj Pr™ = 3X 10° Ra, 7X10? 9.49) 

where all properties are evaluated at the average temperature, T= (7, + T,)/2. The correla- 
tion applies for values of L/H sufficiently small to ensure a negligible effect of the sidewalls. 
More detailed correlations, which apply over a wider range of Ra,, have been proposed 
[29, 30]. In concluding the discussion of horizontal cavities, it is noted that in the absence 
of radiation, for heating from above (7 = 180°), heat transfer from the top to the bottom 
surface is exclusively by conduction (Nu, = 1), irrespective of the value of Ra,. 

In the vertical rectangular cavity (r = 90°), the vertical surfaces are heated and cooled, 
while the horizontal surfaces are adiabatic. As shown in Figure 9.12, fluid motion is charac- 
terized by a recirculating or cellular flow for which fluid ascends along the hot wall and 


ee a Counter- 


axis rotating Figure 9.11 Longitudinal roll cells characteristic of advection in 
cells a horizontal fluid layer heated from below (1708 < Ra, <5 X 10°). 
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Cellular 
flow 
Cold 4 
surface, Hot 
T> surface, T, 


Cellular flow in a vertical cavity with different 


sidewall temperatures. 


descends along the cold wall. For small Rayleigh numbers, Ra, < 10°, the buoyancy-driven 
flow is weak and, in the absence of radiation, heat transfer is primarily by conduction 
across the fluid. Hence, from Fourier’s law, the Nusselt number is again Nu, = 1. With 
increasing Rayleigh number, the cellular flow intensifies and becomes concentrated in thin 
boundary layers adjoining the sidewalls. The core becomes nearly stagnant, although addi- 
tional cells can develop in the corners and the sidewall boundary layers eventually undergo 
transition to turbulence. For aspect ratios in the range 1 = (H/L) = 10, the following corre- 
lations have been suggested [27]: 


0.28 — 4 
Ma, = 0.22( Pr ra.) (#4) (9.50) 


OQ 42 /Ber 
i 

(0) 
EL 


Pr =10° 
102 Ray = 10. 


= De 0.29 
Nu, = 0.18 02 pet (9.51) 


ieee? 


10° =Prs10 
Rai, JEP 

ii. 
0.2 + Pr 


while for larger aspect ratios, the following correlations have been proposed [31]: 


10 <7 <40 


—03 
Nap — 0.42 Ra Pr (2 1<Prs2~x10* (9.52) 
10* < Ra, = 10’ 


H 
1 () 
IL 


Nu, = 0.046 Ral? | 1S Prs20 (9.53) 
10° = Ra = 10" 
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TABLE 9.4: Critical angle for inclined rectangular cavities 


(H/L) 1 3 6 12 >12 
7 25° 53° 60° 67° 70° 


Convection coefficients computed from the foregoing expressions are to be used with 
Equation 9.48. Again, all properties are evaluated at the mean temperature, (7, + 7T,)/2. 

Studies of free convection in tilted cavities are often stimulated by applications involv- 
ing flat-plate solar collectors [32-37]. For such cavities, the fluid motion consists of a com- 
bination of the roll structure of Figure 9.11 and the cellular structure of Figure 9.12. 
Typically, transition between the two types of fluid motion occurs at a critical tilt angle, 7*, 
with a corresponding change in the value of Nu,. For large aspect ratios, (H/L) = 12, and 
tilt angles less than the critical value 7* given in Table 9.4, the following correlation due to 
Hollands et al. [37] is in excellent agreement with available data: 


1708 it eka 80 
= 


Ra, cos Ra,cos T 

H 
_ | (Raz cos 7\'8 al he oy 
. 5830 0<7<7 ve) 


The notation [ ] implies that, if the quantity in brackets is negative, it must be set equal to 
zero. The implication is that, if the Rayleigh number is less than a critical value 
Ra,,. = 1708/cos 7, there is no flow within the cavity. For small aspect ratios Catton [27] 
suggests that reasonable results may be obtained from a correlation of the form 


Nu, =1+ Lad) 


H 
Nu, (7 = 90° rs 


Nu, (t = 0) 


tit* 
Nu, = Nu,(t = of ] (sin 7*)°47) (9.55) 


0<7TS7T* 


Beyond the critical tilt angle, the following correlations due to Ayyaswamy and Catton [32] 
and Arnold et al. [35], respectively, have been recommended [27] for all aspect ratios (H/L): 


Nu, = Nu,(t = 90°)(sin 7)'4 T* <7<90° (9.56) 
Nu, = 1 + [Nu,(t = 90°) — 1] sin t 90° <r < 180° (9.57) 


9.8.2 Concentric Cylinders 


Free convection heat transfer in the annular space between Jong, horizontal concentric 
cylinders (Figure 9.13) has been considered by Raithby and Hollands [38]. Flow in the 
annular region is characterized by two cells that are symmetric about the vertical midplane. 
If the inner cylinder is heated and the outer cylinder is cooled (7; > T,), fluid ascends and 
descends along the inner and outer cylinders, respectively. If 7; < T,, the cellular flows are 


reversed. The heat transfer rate (W) between the two cylinders, each of length L, is 
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Inner cylinder, 


ry T; 
Outer cylinder 2 : 
‘ a '  FicurE 9.13 _ Free convection flow in the 
ou oO . . 
; annular space between long, horizontal, concentric 
Flow pattern cylinders or concentric spheres of inner radius r; 
Tf, and outer radius r,. 


expressed by Equation 3.32 (with an effective thermal conductivity, keg, replacing the mole- 
cular thermal conductivity, k) as 


— 27k (T; = 153) 


In(r,/r;) 72°) 


We see that the effective conductivity of a fictitious stationary fluid will transfer the same 
amount of heat as the actual moving fluid. The suggested correlation for ker is 


ket _ 9 336(—_Pr___\"" pg (9.59) 
, oo Rela Po 


where the length scale in Ra, is given by 


2UIn(r,/r 1"? 


L.= 
—3/5 —3/5)5/3 
(7; a Yo ) 


c 


(9.60) 


Equation 9.59 may be used for the range 0.7 S Pr S 6000 and Ra, < 10’. Properties are eval- 
uated at the mean temperature, T,, = (T; + T,)/2. Of course, the minimum heat transfer rate 
between the cylinders cannot fall below the conduction limit; therefore, ka = k if the value of 
Kep/k predicted by Equation 9.59 is less than unity. A more detailed correlation, which 
accounts for cylinder eccentricity effects, has been developed by Kuehn and Goldstein [39]. 


9.8.3 Concentric Spheres 


Raithby and Hollands [38] have also considered free convection heat transfer between con- 
centric spheres (Figure 9.13) and express the total heat transfer rate by Equation 3.40 (with 
an effective thermal conductivity, Kk, replacing the molecular thermal conductivity, k) as 


jee Atk re (7; am if) 


(ia) = (vie) ey) 


q 


The effective thermal conductivity is 


ket _ o.74 Pr \"" pus (9.62) 
k  \08614Pr) 
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where the length scale in Ra, is given by 


L,= (9.63) 


QT - p—U)53 
The result may be used to a reasonable approximation for 0.7 S Pr S 4000 and Ra, = 10°. 


Properties are evaluated at T,, = (7, + T,)/2, and key = k if the value of kg/k predicted by 
Equation 9.62 is less than unity. 


EXAMPLE 9.5 


A long tube of 0.1-m diameter is maintained at 120°C by passing steam through its interior. A 
radiation shield is installed concentric to the tube with an air gap of 10 mm. If the shield 
is at 35°C, estimate the heat transfer by free convection from the tube per unit length. What is 
the heat loss if the space between the tube and the shield is filled with glass-fiber blanket 
insulation? 


SOLUTION 


Known: Temperatures and diameters of a steam tube and a concentric radiation shield. 


Find: 
1. Heat loss per unit length of tube. 
2. Heat loss if air space is filled with glass-fiber blanket insulation. 


Schematic: 
‘ia sl 
0.10m 
Air gap, L= 10mm 
= or insulation 
oO 
0.12m : 
Shield, 7, = 35°C 
Tube, 7; = 120°C 

Assumptions: 


1. Radiation heat transfer may be neglected. 

2. Contact resistance with insulation is negligible. 
3. Ideal gas. 

4. Constant properties. 


Properties: Table A.4, air [T = (7, + T,)/2 = 350K]: k = 0.030 W/m:K, v = 20.92 X 
10°° m/s, a = 29.9 X 10°° m7/s, Pr = 0.70, B = 0.00285 K~!. Table A.3, insulation, 
glass-fiber (T ~ 300 K): k = 0.038 W/m: K. 
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Analysis: 
1. From Equation 9.58, the heat loss per unit length by free convection is 


! 


271K oT; = Li) 
qd Qa 


In(r,/r;) 
where k,,; may be obtained from Equations 9.59 and 9.60. With 


2[In(,/r) 2 [1n(0.06 m/0.05 m)]*7_— 
(7795 + 7595)53 — (0,05735 + 0.067 95)53 m7! 0.00117 m 


Cc 


we find 


_ gB(T;— T,)L2 _ 9.8 m/s” X 0.00285 K~! X (120 — 35)°C X (0.00117 m)* 
va. 20.92 X 10°° m?/s X 29.9 X 10°° m7/s 


Ra, 
=171 


The effective thermal conductivity is then 


ken = 0.386K ——P? — "Ral 
rae 0.861 + Pr ‘ 


0.70 


1/4 
—_0.70__} (471) = 9.0343 W/m-K 
aes) en 


= 0.386 X 0.030 W/m: K ( 


and the heat loss is 
— Qtke(T, — T,) _ 277(0.0343 W/m: K) 
In(r,/r;) 1n(0.06 m/0.05 m) 


2. With insulation in the space between the tube and the shield, heat loss is by conduc- 
tion; comparing Equation 3.32 and Equation 9.58, 


td 


q 


(120 — 35)°C = 100 W/m <J 


Zi gp Mi 100 W/m £:038 Wim: K 


= 111 W/ <J 
Kerr 0.0343 W/m-K m 


Comments: Although there is slightly more heat loss by conduction through the insula- 
tion than by free convection across the air space, the total heat loss across the air space may 
exceed that through the insulation because of the effects of radiation. The heat loss due to 
radiation may be minimized by using a radiation shield of low emissivity, and the means 
for calculating the loss will be developed in Chapter 13. 


9.9 Combined Free and Forced Convection 


In dealing with forced convection (Chapters 6 through 8), we ignored the effects of free 
convection. This was, of course, an assumption; for, as we now know, free convection is 
likely when there is an unstable temperature gradient. Similarly, in the preceding sections 
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of this chapter, we assumed that forced convection was negligible. It is now time to 
acknowledge that situations may arise for which free and forced convection effects are 
comparable, in which case it is inappropriate to neglect either process. In Section 9.3 we 
indicated that free convection is negligible if (Gr,/Rez) <1 and that forced convection is 
negligible if (Gr,/Re;) >1. Hence the combined free and forced (or mixed) convection 
regime is generally one for which (Gr,/Re7) ~ 1. 

The effect of buoyancy on heat transfer in a forced flow is strongly influenced by the 
direction of the buoyancy force relative to that of the flow. Three special cases that have been 
studied extensively correspond to buoyancy-induced and forced motions having the same 
direction (assisting flow), opposite directions (opposing flow), and perpendicular directions 
(transverse flow). Upward and downward forced motions over a hot vertical plate are exam- 
ples of assisting and opposing flows, respectively. Examples of transverse flow include hori- 
zontal motion over a hot cylinder, sphere, or horizontal plate. In assisting and transverse 
flows, buoyancy acts to enhance the rate of heat transfer associated with pure forced convec- 
tion; in opposing flows, it acts to decrease this rate. 

It has become common practice to correlate mixed convection heat transfer results for 
external and internal flows by an expression of the form 


Nu" = Nup = Nuy (9.64) 


For the specific geometry of interest, the Nusselt numbers Nu, and Nu, are determined 
from existing correlations for pure forced and natural (free) convection, respectively. The 
plus sign on the right-hand side of Equation 9.64 applies for assisting and transverse flows, 
while the minus sign applies for opposing flow. The best correlation of data is often 
obtained for n = 3, although values of 7/2 and 4 may be better suited for transverse flows 
involving horizontal plates and cylinders (or spheres), respectively. 

Equation 9.64 should be viewed as a first approximation, and any serious treatment of 
a mixed convection problem should be accompanied by an examination of the open litera- 
ture. Mixed convection flows received considerable attention in the late 1970s to middle 
1980s, and comprehensive literature reviews are available [40—43]. The flows are endowed 
with a variety of rich and unusual features that can complicate heat transfer predictions. For 
example, in a horizontal, parallel-plate channel, three-dimensional flows in the form of 
longitudinal vortices are induced by bottom heating, and the longitudinal variation of the 
Nusselt number is characterized by a decaying oscillation [44, 45]. Moreover, in channel 
flows, significant asymmetries may be associated with convection heat transfer at top and 
bottom surfaces [46]. Finally, we note that, although buoyancy effects can significantly 
enhance heat transfer for laminar forced convection flows, enhancement is typically negli- 
gible if the forced flow is turbulent [47]. 


9.10 Summary 


We have considered convective flows that originate in part or exclusively from buoyancy 
forces, and we have introduced the dimensionless parameters needed to characterize such 
flows. You should be able to discern when free convection effects are important and to 
quantify the associated heat transfer rates. An assortment of empirical correlations has been 
provided for this purpose. 
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To test your understanding of related concepts, consider the following questions. 


What is an extensive, quiescent fluid? 

What conditions are required for a buoyancy-driven flow? 

How does the velocity profile in the free convection boundary layer on a heated vertical 
plate differ from the velocity profile in the boundary layer associated with forced flow 
over a parallel plate? 

What is the general form of the buoyancy term in the x-momentum equation for a free 
convection boundary layer? How may it be approximated if the flow is due to tempera- 
ture variations? What is the name of the approximation? 

What is the physical interpretation of the Grashof number? What is the Rayleigh number? 
How does each parameter depend on the characteristic length? 

For a hot horizontal plate in quiescent air, do you expect heat transfer to be larger for 
the top or bottom surface? Why? For a cold horizontal plate in quiescent air, do you 
expect heat transfer to be larger for the top or bottom surface? Why? 

For free convection within a vertical parallel plate channel, what kind of force balance 
governs the flow rate in the channel? 

For a vertical channel with isothermal plates, what is the physical basis for existence of 
an optimum spacing? 

What is the nature of flow in a cavity whose vertical surfaces are heated and cooled? 
What is the nature of flow in an annular space between concentric cylindrical surfaces 
that are heated and cooled? 

What is meant by the term mixed convection? How can one determine if mixed convec- 
tion effects should be considered in a heat transfer analysis? Under what conditions is 


heat transfer enhanced by mixed convection? Under what conditions is it reduced? 
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Properties and General Considerations 


9.1 The one-dimensional plane wall of Figure 3.1 is of 


thickness L = 75mm and thermal conductivity k = 
5 W/m:K. The fluid temperatures are T..., = 200°C 


and T...» = 100°C, respectively. Using the minimum and 
maximum typical values of the convection heat transfer 
coefficients listed in Table 1.1, determine the minimum 
and maximum steady-state heat fluxes through the wall 
for (1) free convection in gases, (11) free convection 


9.2 


9.3 


9.4 


9.5 


a Problems 


in liquids, (iii) forced convection in gases, (iv) forced 
convection in liquids, and (v) convection with phase 
change. 


Using the values of density for water in Table A.6, cal- 
culate the volumetric thermal expansion coefficient at 
300K from its definition, Equation 9.4, and compare 
your result with the tabulated value. 


Consider an object of characteristic length 0.01 m and a 
situation for which the temperature difference is 30°C. 
Evaluating thermophysical properties at the prescribed 
conditions, determine the Rayleigh number for the fol- 
lowing fluids: air (1 atm, 400 K), helium (1 atm, 400 K), 
glycerin (285 K), and water (310 K). 


To assess the efficacy of different liquids for cooling by 
natural convection, it is convenient to introduce a figure 
of merit, Fy, which combines the influence of all perti- 
nent fluid properties on the convection coefficient. If the 
Nusselt number is governed by an expression of the form, 
Nu, ~ Ra", obtain the corresponding relationship between 
Fy and the fluid properties. For a representative value of 
n = 0.33, calculate values of Fy for air (k = 0.026 
Wi/m:K, 6B =0.0035K', v=1.5 X 10° m/s, Pr= 
0.70), water (k = 0.600 W/m:K, B = 2.7 X 104K", 
v=10° m/s, Pr=5.0), and a dielectric liquid 
(k = 0.064 W/m:K, 8 =0.0014K™'!, v= 10° m’/s, 
Pr = 25). What fluid is the most effective cooling agent? 


In many cases, we are concerned with free convection 
involving gases that are contained within sealed enclo- 
sures. Consider air at 27°C and pressures of 1, 10, and 
100 bars. Determine the figure of merit described in 
Problem 9.4 for each of these three pressures. Which 
air pressure will provide the most effective cooling? 
Hint: See Problem 6.22. 


Vertical Plates 


9.6 


9.7 


The heat transfer rate due to free convection from a 
vertical surface, 1 m high and 0.6 m wide, to quiescent 
air that is 20 K colder than the surface is known. What 
is the ratio of the heat transfer rate for that situation to 
the rate corresponding to a vertical surface, 0.6 m high 
and 1 m wide, when the quiescent air is 20 K warmer 
than the surface? Neglect heat transfer by radiation and 
any influence of temperature on the relevant thermo- 
physical properties of air. 


Consider a large vertical plate with a uniform surface 
temperature of 130°C suspended in quiescent air at 
25°C and atmospheric pressure. 


(a) Estimate the boundary layer thickness at a location 
0.25 m measured from the lower edge. 


9.8 


9.9 


9.10 


9.11 
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(b) What is the maximum velocity in the boundary 
layer at this location and at what position in the 
boundary layer does the maximum occur? 


(c) Using the similarity solution result, Equation 9.19, 
determine the heat transfer coefficient 0.25 m from 
the lower edge. 


(d) At what location on the plate measured from the 
lower edge will the boundary layer become turbulent? 


For laminar free convection flow on a vertical plate, the 
recommended values of C and n for use in the correla- 
tion of Equation 9.24 are 0.59 and 1/4, respectively. 
Derive the values of C from the similarity solution, 
Equation 9.21, for Pr = 0.01, 1, 10, and 100. 


Consider an array of vertical rectangular fins, which 
is to be used to cool an electronic device mounted in 
quiescent, atmospheric air at T., = 27°C. Each fin has 
L=20mm and H=150mm and operates at an 
approximately uniform temperature of 7, = 77°C. 


L 


— 


Viewing each fin surface as a vertical plate in 
an infinite, quiescent medium, briefly describe 
why there exists an optimum fin spacing S. Using 
Figure 9.4, estimate the optimum value of S for 
the prescribed conditions. 


Quiescent | 


(a) 


(b) For the optimum value of S and a fin thickness of 
t = 1.5 mm, estimate the rate of heat transfer from 


the fins for an array of width W = 355 mm. 


A number of thin plates are to be cooled by 
vertically suspending them in a water bath at a tem- 
perature of 20°C. If the plates are initially at 54°C and 
are 0.15 m long, what minimum spacing would pre- 
vent interference between their free convection 
boundary layers? 


Beginning with the free convection correlation of the 
form given by Equation 9.24, show that for air at 
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atmospheric pressure and a film temperature of 400 K, 
the average heat transfer coefficient for a vertical plate 
can be expressed as 


1/4 
hi, = 1.40 (47) 10' < Ra, < 10° 


Le 


h, = 0.98AT'* 10° < Ra, < 10% 


A solid object is to be cooled by submerging it in a 

quiescent fluid, and the associated free convection coef- 

ficient is given by h = CAT", where C is a constant 

and AT = T — T,,. 

(a) Using the results of Section 5.3.3, obtain an 
expression for the time required for the object to 
cool from an initial temperature T; to a final tem- 
perature T;. 


(b) Consider a highly polished, 150-mm square alu- 
minum alloy (2024) plate of 5-mm thickness, ini- 
tially at 225°C, and suspended in ambient air at 
25°C. Using the appropriate approximate correla- 
tion from Problem 9.11, determine the time 
required for the plate to reach 80°C. 


(c)| Plot the temperature-time history obtained from 


part (b) and compare with the results from a 
lumped capacitance analysis using a constant free 
convection coefficient, h,. Evaluate h, from an 
appropriate correlation based on an average surface 


temperature of T = (T, + T)/2. 


A square aluminum plate 5 mm thick and 200 mm on a 
side is heated while vertically suspended in quiescent 
air at 40°C. Determine the average heat transfer coeffi- 
cient for the plate when its temperature is 15°C by two 
methods: using results from the similarity solution to 
the boundary layer equations, and using results from an 
empirical correlation. 


An aluminum alloy (2024) plate, heated to a uniform 
temperature of 227°C, is allowed to cool while verti- 
cally suspended in a room where the ambient air and 
surroundings are at 27°C. The plate is 0.3m square 
with a thickness of 15 mm and an emissivity of 0.25. 


(a) Develop an expression for the time rate of change 
of the plate temperature, assuming the temperature 
to be uniform at any time. 


(b) Determine the initial rate of cooling (K/s) when the 
plate temperature is 227°C. 


(c) Justify the uniform plate temperature assumption. 


(d)|Compute and plot the temperature history of the 


plate from t= 0 to the time required to reach a 
temperature of 30°C. Compute and plot the corre- 
sponding variations in the convection and radiation 
heat transfer rates. 


9.15 The plate described in Problem 9.14 has been used in 


an experiment to determine the free convection heat 
transfer coefficient. At an instant of time when the 
plate temperature was 127°C, the time rate of change 
of this temperature was observed to be —0.0465 K/s. 
What is the corresponding free convection heat trans- 
fer coefficient? Compare this result with an estimate 
based on a standard empirical correlation. 


9.16 Determine the average convection heat transfer coeffi- 


cient for the 2.5-m-high vertical walls of a home having 
respective interior air and wall surface temperatures of 
(a) 20 and 10°C and (b) 27 and 37°C. 


9.17 Consider a vertical plate of dimension 0.25 m X 0.50m 


that is at T,= 100°C in a quiescent environment at 
T.. = 20°C. In the interest of minimizing heat transfer 
from the plate, which orientation, (A) or (B), is pre- 
ferred? What is the convection heat transfer from the 
front surface of the plate when it is in the preferred 
orientation? 


Orientation A 


Orientation B Ai, 7, 


9.18 During a winter day, the window of a patio door with a 


height of 1.8m and width of 1.0m shows a frost 
line near its base. The room wall and air temperatures 
are 15°C. 


1.8mx1.0m 


(a) Explain why the window would show a frost layer 
at the base rather than at the top. 


9.20 


9.21 


9.22 
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(b) Estimate the heat loss through the window due to 
free convection and radiation. Assume the window 
has a uniform temperature of 0°C and the emissiv- 
ity of the glass surface is 0.94. If the room has elec- 
tric baseboard heating, estimate the corresponding 
daily cost of the window heat loss for a utility rate 
of 0.18 $/kW-h. 


A vertical, thin pane of window glass that is 1 m on a 
side separates quiescent room air at T.,; = 20°C 
from quiescent ambient air at T..,, = —20°C. The 
walls of the room and the external surroundings (land- 
scape, buildings, etc.) are also at 7,,,; = 20°C and 
Tyuzg = —20°C, respectively. 


sur,o 


Window glass 
T, € 


\ Ambient air 
( 


suri 


If the glass has an emissivity of ¢ = 1, what is its tem- 
perature 7? What is the rate of heat loss through the 
glass? 


Consider the conditions of Problem 9.19, but now allow 
for a difference between the inner and outer surface 
temperatures, T,; and T,,, of the window. For a glass 
thickness and thermal conductivity of ¢, = 10mm and 
k, = 1.4W/m-K, respectively, evaluate 7,; and 7,,,. 


What is the heat loss through the window? 


A household oven door of 0.5-m height and 0.7-m 
width reaches an average surface temperature of 32°C 
during operation. Estimate the heat loss to the room 
with ambient air at 22°C. If the door has an emissivity 
of 1.0 and the surroundings are also at 22°C, comment 
on the heat loss by free convection relative to that by 
radiation. 


Consider a vertical, single-pane window of equivalent 
width and height (W = L = 1 m). The interior surface 
is exposed to the air and walls of a room, which are 
each at 18°C. Under cold ambient conditions for which 
a thin layer of frost has formed on the inner surface, 
what is the heat loss through the window? How would 
your analysis be affected by a frost layer whose thickness 


9.23 


9.24 


9.25 
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is not negligible? During incipience of frost formation, 
where would you expect the frost to begin to develop 
on the window? The frost may be assumed to have an 
emissivity of ¢ = 0.90. 


Consider laminar flow about a vertical isothermal plate 
of length L, providing an average heat transfer coeffi- 
cient of h,. If the plate is divided into N smaller plates, 
each of length, Ly = L/N, determine an expression 
for the ratio of the heat transfer coefficient averaged 
over the N plates to the heat transfer coefficient aver- 
aged over the single plate, hy y/h,. 


Consider the conveyor system described in Problem 
7.24, but under conditions for which the conveyor is 
not moving and the air is quiescent. Radiation effects 
and interactions between boundary layers on adjoining 
surfaces may be neglected. 


(a) For the prescribed plate dimensions and initial tem- 
perature, as well as the prescribed air temperature, 
what is the initial rate of heat transfer from one of 
the plates? 


(b) How long does it take for a plate to cool from 
300°C to 100°C? Comment on the assumption of 
negligible radiation. 


A thin-walled container with a hot process fluid at 50°C 
is placed in a quiescent, cold water bath at 10°C. Heat 
transfer at the inner and outer surfaces of the container 
may be approximated by free convection from a verti- 
cal plate. 


Thin-walled container 


Cold water bath 


L=200 mm T= 10° 


(a) Determine the overall heat transfer coefficient 


between the hot process fluid and the cold water 
bath. Assume the properties of the hot process fluid 
are those of water. 


(b) 


Generate a plot of the overall heat transfer coeffi- 


cient as a function of the hot process fluid tempera- 
ture T.,, for the range 20 to 60°C, with all other 
conditions remaining the same. 
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Consider an experiment to investigate the transition to 
turbulent flow in a free convection boundary layer that 
develops along a vertical plate suspended in a large 
room. The plate is constructed of a thin heater that is 
sandwiched between two aluminum plates and may be 
assumed to be isothermal. The heated plate is 1 m high 
and 2m wide. The quiescent air and the surroundings 
are both at 25°C. 


(a) The exposed surfaces of the aluminum plate are 
painted with a very thin coating of high emissivity 
(e = 0.95) paint. Determine the electrical power 
that must be supplied to the heater to sustain the 
plate at a temperature of 7, = 35°C. How much of 
the plate is exposed to turbulent conditions in the 
free convection boundary layer? 


(b) The experimentalist speculates that the roughness 
of the paint is affecting the transition to turbu- 
lence in the boundary layer and decides to remove 
the paint and polish the aluminum § surface 
(e = 0.05). If the same power is supplied to the 
plate as in part (a), what is the steady-state plate 
temperature? How much of the plate is exposed to 
turbulent conditions in the free convection bound- 
ary layer? 


The vertical rear window of an automobile is of thick- 
ness L = 8mm and height H=0.5m and contains 
fine-meshed heating wires that can induce nearly uni- 
form volumetric heating, @(W/m*). 


(a) Consider steady-state conditions for which the inte- 
rior surface of the window is exposed to quiescent 
air at 10°C, while the exterior surface is exposed to air 
at — 10°C moving in parallel flow over the surface 
with a velocity of 20 m/s. Determine the volumetric 
heating rate needed to maintain the interior window 
surface at T,; = 15°C. 


(b) | The interior and exterior window temperatures, T, ; 


and T,,, depend on the compartment and ambient 
temperatures, T,,; and T,,,, as well as on the veloc- 
ity u., of air flowing over the exterior surface and 
the volumetric heating rate g. Subject to the con- 
straint that 7,; is to be maintained at 15°C, we wish 
to develop guidelines for varying the heating rate in 
response to changes in T,, ;, T..,,, and/or u.,. If T.,.; is 
maintained at 10°C, how will g and T,, vary with 
Toy for —25 = T.., = 5°C and u., = 10, 20, and 
30 m/s? If a constant vehicle speed is maintained, 
such that u., = 30 m/s, how will g and T,,, vary with 
T..; for 5=T,,;= 20°C and T,,,, = —25, —10, 
and 5°C? 


Determine the maximum allowable uniform heat flux 
that may be imposed at a wall heating panel 1 m high if the 


maximum temperature is not to exceed 37°C when 
the ambient air temperature is 25°C. 


9.29 The components of a vertical circuit board, 150 mm ona 
side, dissipate 5 W. The back surface is well insulated 
and the front surface is exposed to quiescent air at 27°C. 


Circuit board 


Quiescent 
air 


Component 


Assuming a uniform surface heat flux, what is the max- 
imum temperature of the board? What is the tempera- 
ture of the board for an isothermal surface condition? 


9.30 Circuit boards are mounted to interior vertical surfaces 
of a rectangular duct of height H = 400 mm and length 
L = 800 mm. Although the boards are cooled by forced 
convection heat transfer to air flowing through the duct, 
not all of the heat dissipated by the electronic compo- 
nents is transferred to the flow. Some of the heat is 
instead transferred by conduction to the vertical walls 
of the duct and then by natural convection and 
radiation to the ambient (atmospheric) air and sur- 
roundings, which are at equivalent temperatures of 
T.. = Txy, = 20°C. The walls are metallic and, to a first 
approximation, may be assumed to be isothermal at a 
temperature 7). 


[Mt = | 


T, 


Pal mo 
H Quiescent air 
Urs 
Sidewalls 
Ty & — 
Electronic — 


components, g 
7 L 
Air yy 
nm, TG 


(a) Consider conditions for which the electronic com- 
ponents dissipate 200 W and air enters the duct at a 
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compartment 
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flow rate of m = 0.015 kg/s and a temperature of 
Ti = 20°C. If the emissivity of the side walls 
is e, = 0.15 and the outlet temperature of the air is 
To = 30°C, what is the surface temperature T,? 


(b) To reduce the temperature of the electronic compo- 
nents, it is desirable to enhance heat transfer from 
the side walls. Assuming no change in the airflow 
conditions, what is the effect on T, of applying a 
high emissivity coating (e, = 0.90) to the side 
walls? 


(c) If there is a loss of airflow while power continues 
to be dissipated, what are the resulting values of T, 
for e, = 0.15 and e, = 0.90? 


A refrigerator door has a height and width of H = 1 m and 
W = 0.65 m, respectively, and is situated in a large room 
for which the air and walls are at T,, = T,,, = 25°C. 
The door consists of a layer of polystyrene insulation 
(k = 0.03 W/m-:K) sandwiched between thin sheets of 
steel (e = 0.6) and polypropylene. Under normal operat- 
ing conditions, the inner surface of the door is maintained 
at a fixed temperature of T,; = 5°C. 


Polypropylene 
surface, 
Ty i + 
Steel Surroundings, 
Insulation, surface, Te 
k Dae 
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(a) Estimate the heat gain through the door for the 
worst case condition corresponding to no insulation 
(L = 0). 


(b) |Compute and plot the heat gain and the outer sur- 


face temperature T,, as a function of insulation 
thickness for 0 = L = 25mm. 


Air at 3 atm and 100°C is discharged from a compres- 
sor into a vertical receiver of 2.5-m height and 0.75-m 
diameter. Assume that the receiver wall has negligible 
thermal resistance, is at a uniform temperature, and that 
heat transfer at its inner and outer surfaces is by free 
convection from a vertical plate. Neglect radiation 
exchange and any losses from the top. 


Receiver 
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Tj = 100°C Tog = 25°C 
p; = 3 atm Pp, = i atm 
y) 
LL Receiver wall 


Compressor 
connection 


(a) Estimate the receiver wall temperature and the heat 
transfer to the ambient air at 25°C. To facilitate use 
of the free convection correlations with appropriate 
film temperatures, assume that the receiver wall 
temperature is 60°C. 


(b) Were the assumed film temperatures of part (a) rea- 
sonable? If not, use an iteration procedure to find 
consistent values. 


(c) | Now consider two features of the receiver neglected 


in the previous analysis: (i) radiation exchange from 
the exterior surface of emissivity 0.85 to large 
surroundings, also at 25°C; and (ii) the thermal 
resistance of a 20-mm-thick wall with a thermal 
conductivity of 0.25 W/m-K. Represent the system 
by a thermal circuit and estimate the wall tempera- 
tures and the heat transfer rate. 


9.33 In the central receiver concept of a solar power plant, 


many heliostats at ground level are used to direct a con- 
centrated solar flux q" to the receiver, which is posi- 
tioned at the top of a tower. However, even with 
absorption of all the solar flux by the outer surface of 
the receiver, losses due to free convection and radiation 
reduce the collection efficiency below the maximum 
possible value of 100%. Consider a cylindrical receiver 
of diameter D = 7m, length L = 12 m, and emissivity 
e = 0.20. 


Ambient air 


T.,h 


Central 
receiver 


NS 


Heliostats 
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(a) If all of the solar flux is absorbed by the receiver 
and a surface temperature of 7, = 800 K is main- 
tained, what is the rate of heat loss from the 
receiver? The ambient air is quiescent at a tempera- 
ture of T,, = 300K, and irradiation from the sur- 
roundings may be neglected. If the corresponding 
value of the solar flux is gf = 10° W/m”, what is the 
collector efficiency? 


(b) 


The surface temperature of the receiver is affected 


by design and operating conditions within the power 
plant. Over the range from 600 to 1000 K, plot the 
variation of the convection, radiation, and total heat 
rates as a function of 7,. For a fixed value of 
qd = 10° W/m’, plot the corresponding variation 
of the receiver efficiency. 


Horizontal and Inclined Plates 
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Consider the transformer of Problem 8.103, whose lat- 
eral surface is being maintained at 47°C by a forced 
convection coolant line removing 1000 W. It is desired 
to explore cooling of the transformer by free convec- 
tion and radiation, assuming the surface to have an 
emissivity of 0.80. 


(a) Determine how much power could be removed by 
free convection and radiation from the lateral and 
the upper horizontal surfaces when the ambient 
temperature and the surroundings are at 27°C. 


Upper 
horizontal 
surface of 

transformer | 


Vertical fin 


Fin width, 
75mm 


(b) Vertical fins, 5 mm thick, 75 mm wide, and 500 mm 
long, can easily be welded to the lateral surface. 
What is the heat removal rate by free convection if 
30 such fins are attached? 


Airflow through a long, 0.2-m-square air conditioning 
duct maintains the outer duct surface temperature at 
10°C. If the horizontal duct is uninsulated and exposed 
to air at 35°C in the crawlspace beneath a home, what is 
the heat gain per unit length of the duct? 


Consider the conditions of Example 9.3, including the 
effect of adding insulation of thickness ¢t and thermal 
conductivity k = 0.035 W/m:K to the duct. We wish 
to now include the effect of radiation on the outer 
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surface temperatures and the total heat loss per unit 

length of duct. 

(a) If T,, = 45°C, t = 25 mm, « = 1, and T,,, = 288 K, 
what are the temperatures of the side, top, and bot- 
tom surfaces? What are the corresponding heat 
losses per unit length of duct? 

(b) For the top surface, compute and plot T, and q’ as a 

function of insulation thickness for 0 = t = 50 mm. 

The exposed duct surface (t= 0) may also be 

assumed to have an emissivity of ¢ = 1. 


An electrical heater in the form of a horizontal disk of 
400-mm diameter is used to heat the bottom of a tank 
filled with engine oil at a temperature of 5°C. Calculate 
the power required to maintain the heater surface tem- 
perature at 70°C. 


Consider a horizontal 6-mm-thick, 100-mm-long straight 
fin fabricated from plain carbon steel (k = 57 W/m:K, 
e€ = 0.5). The base of the fin is maintained at 150°C, 
while the quiescent ambient air and the surroundings are 
at 25°C. Assume the fin tip is adiabatic. 


(a) Estimate the fin heat rate per unit width, q;. Use an 
average fin surface temperature of 125°C to esti- 
mate the free convection coefficient and the lin- 
earized radiation coefficient. How sensitive is your 
estimate to the choice of the average fin surface 
temperature? 


(b) 


Generate a plot of g; as a function of the fin emis- 


sivity for 0.05 = e = 0.95. On the same coordi- 
nates, show the fraction of the total heat rate due to 
radiation exchange. 


The thermal conductivity and surface emissivity of a 
material may be determined by heating its bottom surface 
and exposing its top surface to quiescent air and large sur- 
roundings of equivalent temperatures, T,, = T,,, = 25°C. 
The remaining surfaces of the sample/heater are well 
insulated. 


Ambient air, 7_, 


> P 


elec 


Consider a sample of thickness L = 25 mm and a square 
planform of width W = 250 mm. In an experiment per- 
formed under steady-state conditions, temperature mea- 
surements made at the lower and upper surface of the 
sample yield values of T, = 150°C and 7, = 100°C, 
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respectively, for a power input of P.;,. = 70 W. What are 
the thermal conductivity and emissivity of the sample? 


Convection heat transfer coefficients for a hot hori- 
zontal surface facing upward may be determined by a 
gage whose specific features depend on whether the 
temperature of the surroundings is known. For con- 
figuration A, a copper disk, which is electrically 
heated from below, is encased in an insulating mate- 
rial such that all of the heat is transferred by convec- 
tion and radiation from the top surface. If the surface 
emissivity and the temperatures of the air and sur- 
roundings are known, the convection coefficient may 
be determined from measurement of the electrical 
power and the surface temperature of the disk. Con- 
figuration B is used in situations for which the tem- 
perature of the surroundings is not known. A thin, 
insulating strip separates semicircular disks with 
independent electrical heaters and different emissivi- 
ties. If the emissivities and temperature of the air are 
known, the convection coefficient may be determined 
from measurement of the electrical power supplied to 
each of the disks in order to maintain them at a com- 
mon temperature. 


Quiescent air 


vor ‘| ~ Tour Da tB 


P. 


elec,1 


P. 


elec,2 


(a) In an application of configuration A to a disk of 
diameter D = 160 mm and emissivity ¢ = 0.8, val- 
ues Of Pej. = 10.8 W and T = 67°C are measured 
for T,, = Ty, = 27°C. What is the corresponding 
value of the average convection coefficient? How 
does it compare with predictions based on a stan- 


dard correlation? 


(b) Now consider an application of configuration B for 
which 7,,= 17°C and T7,,, is unknown. With 
D= 160mm, ¢, = 0.8, and ¢,=0.1, values of 
Part, = 9.70 W and Poiec2 = 5.67 W are measured 
when T, = T, = 77°C. Determine the correspond- 
ing values of the convection coefficient and the 
temperature of the surroundings. How does the con- 
vection coefficient compare with predictions by an 


appropriate correlation? 
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A circular grill of diameter 0.25 m and emissivity 0.9 is 
maintained at a constant surface temperature of 130°C. 
What electrical power is required when the room air 
and surroundings are at 24°C? 


Many laptop computers are equipped with thermal 
management systems that involve liquid cooling of the 
central processing unit (CPU), transfer of the heated 
liquid to the back of the laptop screen assembly, and 
dissipation of heat from the back of the screen assem- 
bly by way of a flat, isothermal heat spreader. The 
cooled liquid is recirculated to the CPU and the process 
continues. Consider an aluminum heat spreader that 
is of width w = 275 mm and height L = 175 mm. The 
screen assembly is oriented at an angle 6 = 30° 
from the vertical direction, and the heat spreader is 
attached to the ¢ = 3-mm-thick plastic housing with a 
thermally conducting adhesive. The plastic housing has 
a thermal conductivity of k = 0.21 W/m-K and emis- 
sivity of ¢ = 0.85. The contact resistance associated 
with the heat spreader-housing interface is R/. = 2.0 x 
10°*m?-K/W. If the CPU generates, on average, 15 W 
of thermal energy, what is the temperature of the heat 
spreader when T,, = T,,, = 23°C? Which thermal resis- 
tance (contact, conduction, radiation, or free convec- 
tion) is the largest? 


Consider the roof of the refrigerated truck compartment 
described in Problem 7.20, but under conditions for 
which the truck is parked (V = 0). All other conditions 
remain unchanged. For a; = ¢ = 0.5, determine the 
outer surface temperature, T,,, and the heat load 


imposed on the refrigeration system. Hint: Assume 
T,, > T.. and Ra, > 10’. 


5,0 


The 4m X 4m horizontal roof of an uninsulated alu- 
minum melting furnace is comprised of a 0.08-m-thick 
fireclay brick refractory covered by a 5-mm-thick steel 
(AISI 1010) plate. The refractory surface exposed to the 
furnace gases is maintained at 1700 K during operation, 
while the outer surface of the steel is exposed to the air 
and walls of a large room at 25°C. The emissivity of the 
steel is e = 0.3. 


(a) What is the rate of heat loss from the roof? 


(b) If a 20-mm-thick layer of alumina-silica insulation 
(64kg/m*) is placed between the refractory and 
the steel, what is the new rate of heat loss from the 
roof? What is the temperature at the inner surface 
of the insulation? 


One of the process engineers claims that the tem- 
perature at the inner surface of the insulation found 
in part (b) is too high for safe, long-term operation. 
What thickness of fireclay brick would reduce this 
temperature to 1350 K? 
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9.45 At the end of its manufacturing process, a silicon wafer 
of diameter D = 150mm, thickness 6 = | mm, and 
emissivity ¢ = 0.65 is at an initial temperature of 
T; = 325°C and is allowed to cool in quiescent, ambient 
air and large surroundings for which T,, = T,,, = 25°C. 


| ‘Quiescent air r / 

i .. ) sur 
Silicon wafer 
D, 6, €, T 


_ 


(a) What is the initial rate of cooling? 

(b) | How long does it take for the wafer to reach a tem- 
perature of 50°C? Comment on how the relative 
effects of convection and radiation vary with time 
during the cooling process. 
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A 200-mm-square, 10-mm-thick tile has the thermo- 


physical properties of Pyrex (¢ = 0.80) and emerges 
from a curing process at an initial temperature of 
T, = 140°C. The backside of the tile is insulated while 
the upper surface is exposed to ambient air and sur- 
roundings at 25°C. 


aire. T. 
© Ambient air > “ 
Gz. = 25°C > 


= 25°C 


Tile, T, 


(a) Estimate the time required for the tile to cool to a final, 
safe-to-touch temperature of J; = 40°C. Use an aver- 
age tile surface temperature of T = (T; + T;)/2 to 
estimate the average free convection coefficient and 
the linearized radiation coefficient. How sensitive is 
your estimate to the assumed value for T? 


(b) Estimate the required cooling time if ambient air is 
blown in parallel flow over the tile with a velocity 


of 10 m/s. 


9.47 Integrated circuit (IC) boards are stacked within a duct 
and dissipate a total of 500 W. The duct has a square 
cross section with w = H = 150mm and a length of 
0.5 m. Air flows into the duct at 25°C and 1.2 m*/min, 
and the convection coefficient between the air and 
the inner surfaces of the duct is h; = 50 W/m’: K. The 
entire outer surface of the duct, which is anodized with 


Circuit boards, 
500 W dissipation 


it 


Y = 1.2 m/min 


Tn, i = 25°C we 
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© Air 


an emissivity of 0.5, is exposed to ambient air and large 
surroundings at 25°C. 


¢ Air y 
G7... = 25°C9 


E, hy, Trad 
€ = 0.50 


H=w=150mm 


Your assignment is to develop a model to estimate the 
outlet temperature of the air, T,,,,, and the average sur- 
face temperature of the duct, T,. 


(a) Assuming a surface temperature of 37°C, estimate 


the average free convection coefficient, h,, for the 
outer surface of the duct. 


(b) Assuming a surface temperature of 37°C, estimate 
the average linearized radiation coefficient, h,q, 


for the outer surface of the duct. 


(c) Perform an energy balance on the duct by consider- 
ing the dissipation of electrical power in the 
ICs, the rate of change in the energy of air flowing 
through the duct, and the rate of heat transfer from 
the air in the duct to the surroundings. Express the 
last process in terms of thermal resistances between 
the mean temperature, 7,,, of the air in the duct 
and the temperature of the ambient air and the 


surroundings. 


(d) Substitute numerical values into the expression of 
part (c) and calculate the air outlet temperature, 
T,,,o. Estimate the corresponding value of T,. Com- 


ment on your results and the assumptions inherent 
in your model. 


A highly polished aluminum plate of length 0.5 m and 
width 0.2 m is subjected to an airstream at a tempera- 
ture of 23°C and a velocity of 10 m/s. Because of 
upstream conditions, the flow is turbulent over the 
entire length of the plate. A series of segmented, inde- 
pendently controlled heaters is attached to the lower 
side of the plate to maintain approximately isothermal 
conditions over the entire plate. The electrical heater 
covering the section between the positions x, = 0.2m 
and x) = 0.3 m is shown in the schematic. 
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Heater segment, 
T, = 47°C 


(a) Estimate the electrical power that must be supplied 
to the designated heater segment to maintain the 
plate surface temperature at T, = 47°C. 


(b) If the blower that maintains the airstream velocity 
over the plate malfunctions, but the power to the 
heaters remains constant, estimate the surface tem- 
perature of the designated segment. Assume that 


the ambient air is extensive, quiescent, and at 23°C. 


The average free convection coefficient for the exterior 
surfaces of a long, horizontal rectangular duct exposed 
to a quiescent fluid can be estimated from the 
Hahn-Didion (H—D) correlation [ASHRAE Proceed- 
ings, Part 1, pp. 262-67, 1972] 


_ Vs 
Nup = 0.55 Ral4 (1) Rap < 10’ 


P 


where the characteristic length is the half-perimeter, 
P= (w+ A), and w and H are the horizontal width and 
vertical height, respectively, of the duct. The thermo- 
physical properties are evaluated at the film temperature. 


(a) Consider a horizontal 0.15-m-square duct with a 
surface temperature of 35°C in ambient air at 15°C. 
Calculate the average convection coefficient and the 
heat rate per unit length using the H—D correlation. 


(b) Calculate the average convection coefficient and 
the heat rate per unit length considering the duct as 
formed by vertical plates (sides) and horizontal 
plates (top and bottom). Do you expect this esti- 
mate to be lower or higher than that obtained with 


the H—-D correlation? Explain the difference, if any. 


(c) Using an appropriate correlation, calculate the aver- 
age convection coefficient and the heat rate per unit 
length for a duct of circular cross section having 
a perimeter equal to the wetted perimeter of the 
rectangular duct of part (a). Do you expect this 
estimate to be lower or higher than that obtained 
with the H—D correlation? Explain the difference, 


if any. 


Certain wood stove designs rely exclusively on heat 
transfer by radiation and natural convection to the sur- 
roundings. Consider a stove that forms a cubical enclo- 
sure, L, = 1m on a side, in a large room. The exterior 
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walls of the stove have an emissivity of ¢ = 0.8 and are 
at an operating temperature of T,, = 500 K. 


© Quiescent 
X. ails , 


sur 


The stove pipe, which may be assumed to be 
isothermal at an operating temperature of T,,, = 400 K, 
has a diameter of D,, = 0.25 m and a height of L, = 2m, 
extending from stove to ceiling. The stove is in a large 
room whose air and walls are at T., = T,,, = 300K. 
Neglecting heat transfer from the small horizontal sec- 
tion of the pipe and radiation exchange between the pipe 
and stove, estimate the rate at which heat is transferred 
from the stove and pipe to the surroundings. 


A plate 1m X 1m, inclined at an angle of 45°, is 
exposed to a net radiation heat flux of 300 W/m? at its 
bottom surface. If the top surface of the plate is well 
insulated, estimate the temperature the plate reaches 
when the ambient air is quiescent and at a temperature 
of 0°C. 


Horizontal Cylinders and Spheres 
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A horizontal rod 5mm in diameter is immersed in 
water maintained at 18°C. If the rod surface tempera- 
ture is 56°C, estimate the free convection heat transfer 
rate per unit length of the rod. 


A horizontal uninsulated steam pipe passes through a 
large room whose walls and ambient air are at 300 K. 
The pipe of 150-mm diameter has an emissivity of 0.85 
and an outer surface temperature of 400 K. Calculate 
the heat loss per unit length from the pipe. 
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As discussed in Section 5.2, the lumped capacitance 
approximation may be applied if B; < 0.1, and, when 
implemented in a conservative fashion for a long cylin- 
der, the characteristic length is the cylinder radius. 
After its extrusion, a long glass rod of diameter 
D = 15mm is suspended horizontally in a room and 
cooled from its initial temperature by natural convec- 
tion and radiation. At what rod temperatures may the 
lumped capacitance approximation be applied? The 
temperature of the quiescent air is the same as that of 
the surroundings, T., = T,,.= 27°C, and the glass 
emissivity is ¢ = 0.94. 


Beverage in cans 150 mm long and 60 mm in diame- 
ter is initially at 27°C and is to be cooled by place- 
ment in a refrigerator compartment at 4°C. In the 
interest of maximizing the cooling rate, should 
the cans be laid horizontally or vertically in the com- 
partment? As a first approximation, neglect heat 
transfer from the ends. 


A long, uninsulated steam line with a diameter of 
89mm and a surface emissivity of 0.8 transports 
steam at 200°C and is exposed to atmospheric air 
and large surroundings at an equivalent temperature 
of 20°C. 


(a) Calculate the heat loss per unit length for a calm day. 


(b) Calculate the heat loss on a breezy day when the 
wind speed is 8 m/s. 


(c) For the conditions of part (a), calculate the heat 
loss with a 20-mm-thick layer of insulation (k = 
0.08 W/m:K). Would the heat loss change signifi- 
cantly with an appreciable wind speed? 


Consider Problem 8.47. A more realistic solution would 
account for the resistance to heat transfer due to free 
convection in the paraffin during melting. Assuming 
the tube surface to have a uniform temperature of 
55°C and the paraffin to be an infinite, quiescent liquid, 
determine the convection coefficient associated with the 
outer surface. Using this result and recognizing that 
the tube surface temperature is not known, determine the 
water outlet temperature, the total heat transfer rate, 
and the time required to completely liquefy the paraffin, 
for the prescribed conditions. Thermophysical properties 
associated with the liquid state of the paraffin are 
k=0.15 W/m:K, B=8X107*K™', p=770kg/m’, 
v=5X 10 °m’ss, anda = 8.85 X 10° m/s. 


A horizontal tube of 12.5-mm diameter with an outer 
surface temperature of 240°C is located in a room with 
an air temperature of 20°C. Estimate the heat transfer 
rate per unit length of the tube due to free convection. 


Saturated steam at 4 bars absolute pressure with a mean 
velocity of 3 m/s flows through a horizontal pipe whose 
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inner and outer diameters are 55 and 65 mm, respec- 
tively. The heat transfer coefficient for the steam flow is 
known to be 11,000 W/m? K. 


(a) If the pipe is covered with a 25-mm-thick layer of 
85% magnesia insulation and is exposed to atmos- 
pheric air at 25°C, determine the rate of heat trans- 
fer by free convection to the room per unit length 
of the pipe. If the steam is saturated at the inlet of 
the pipe, estimate its quality at the outlet of a pipe 
30 m long. 


(b) Net radiation to the surroundings also contributes 
to heat loss from the pipe. If the insulation has a 
surface emissivity of ¢ = 0.8 and the surroundings 
are at T,,, = T.. = 25°C, what is the rate of heat 


transfer to the room per unit length of pipe? What 
is the quality of the outlet flow? 


(c) 


The heat loss may be reduced by increasing the 


insulation thickness and/or reducing its emissivity. 
What is the effect of increasing the insulation 
thickness to 50 mm if ¢ = 0.8? Of decreasing the 
emissivity to 0.2 if the insulation thickness is 
25mm? Of reducing the emissivity to 0.2 and 
increasing the insulation thickness to 50 mm? 


A horizontal electrical cable of 25-mm diameter has a 
heat dissipation rate of 30 W/m. If the ambient air 
temperature is 27°C, estimate the surface temperature 
of the cable. 


An electric immersion heater, 10 mm in diameter and 
300 mm long, is rated at 550 W. If the heater is horizon- 
tally positioned in a large tank of water at 20°C, estimate 
its surface temperature. Estimate the surface temperature 
if the heater is accidentally operated in air at 20°C. 


The maximum surface temperature of the 20-mm- 
diameter shaft of a motor operating in ambient air at 
27°C should not exceed 87°C. Because of power dissi- 
pation within the motor housing, it is desirable to reject 
as much heat as possible through the shaft to the ambi- 
ent air. In this problem, we will investigate several 
methods for heat removal. 


Air 
T,, = 27°C 
T, < 87°C 


Q (rad/s) 


Shaft, D = 20 mm 
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(a) For rotating cylinders, a suitable correlation for 
estimating the convection coefficient is of the form 


Nup = 0.133 Re? Pr'3 
(Rep <4.3 X 10°, 0.7 < Pr<670) 


where Rep = QD*/v and Q is the rotational velocity 
(rad/s). Determine the convection coefficient and the 
maximum heat rate per unit length as a function of rota- 
tional speed in the range from 5000 to 15,000 rpm. 


(b) Estimate the free convection coefficient and the 
maximum heat rate per unit length for the station- 
ary shaft. Mixed free and forced convection effects 
may become significant for Rey < 4.7(Gr},/Pr)°”. 
Are free convection effects important for the range 
of rotational speeds designated in part (a)? 


(c) Assuming the emissivity of the shaft is 0.8 and the 
surroundings are at the ambient air temperature, is 


radiation exchange important? 


If ambient air is in cross flow over the shaft, what 


(d) 


air velocities are required to remove the heat rates 
determined in part (a)? 


9.63 Consider a horizontal pin fin of 6-mm diameter and 


60-mm length fabricated from plain carbon steel 
(k = 57 W/m:K, € = 0.5). The base of the fin is main- 
tained at 150°C, while the quiescent ambient air and the 
surroundings are at 25°C. Assume the fin tip is adiabatic. 


(a) Estimate the fin heat rate, g;. Use an average fin 
surface temperature of 125°C in estimating the 
free convection coefficient and the linearized 
radiation coefficient. How sensitive is this esti- 
mate to your choice of the average fin surface 
temperature? 


(b)|Use the finite-difference method of solution to 
obtain g,; when the convection and radiation coeffi- 
cients are based on local, rather than average, tem- 
peratures for the fin. How does your result compare 
with the analytical solution of part (a)? 


9.64 Consider the hot water pipe of Problem 7.56, but under 


conditions for which the ambient air is not in cross flow 
over the pipe and is, instead, quiescent. Accounting for 
the effect of radiation with a pipe emissivity of ¢, = 0.6, 
what is the corresponding daily cost of heat loss per unit 
length of the uninsulated pipe? 


9.65 Common practice in chemical processing plants is to 


clad pipe insulation with a durable, thick aluminum 
foil. The functions of the foil are to confine the batt 
insulation and to reduce heat transfer by radiation to 
the surroundings. Because of the presence of chlorine 
(at chlorine or seaside plants), the aluminum foil sur- 
face, which is initially bright, becomes etched with 


9.66 


9.67 


9.68 
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in-service time. Typically, the emissivity might 
change from 0.12 at installation to 0.36 with extended 
service. For a 300-mm-diameter foil-covered pipe 
whose surface temperature is 90°C, will this increase 
in emissivity due to degradation of the foil finish 
have a significant effect on heat loss from the pipe? 
Consider two cases with surroundings and ambient 
air at 25°C: (a) quiescent air and (b) a cross-wind 
velocity of 10 m/s. 


Consider the electrical heater of Problem 7.49. If the 
blower were to malfunction, terminating airflow while 
the heater continued to operate at 1000 W/m, what tem- 
perature would the heater assume? How long would it 
take to come within 10°C of this temperature? Allow 
for radiation exchange between the heater (e = 0.8) and 
the duct walls, which are also at 27°C. 


A computer code is being developed to analyze a 
12.5-mm-diameter, cylindrical sensor used to deter- 
mine ambient air temperature. The sensor experiences 
free convection while positioned horizontally in 
quiescent air at 7., = 27°C. For the temperature 
range from 30 to 80°C, derive an expression for the 
convection coefficient as a function of only AT = 
T, — T.,., where T, is the sensor temperature. Evaluate 
properties at an appropriate film temperature and 
show what effect this approximation has on the con- 
vection coefficient estimate. 


A thin-walled tube of 20-mm diameter passes hot fluid 
at a mean temperature of 45°C in an experimental flow 
loop. The tube is mounted horizontally in quiescent air 
at a temperature of 15°C. To satisfy the stringent tem- 
perature control requirements of the experiment, it was 
decided to wind thin electrical heating tape on the outer 
surface of the tube to prevent heat loss from the hot 
fluid to the ambient air. 


Hot fluid, 7, 


m 


Tube Air 


Thin electrical 
heating tape 


(a) Neglecting radiation heat loss, calculate the heat 
flux qg! that must be supplied by the electrical tape 
to ensure a uniform fluid temperature. 

(b) Assuming the emissivity of the tape is 0.95 and 

the surroundings are also at 15°C, calculate the 


required heat flux. 


The heat loss may be reduced by wrapping 


the heating tape in a layer of insulation. For 85% 
magnesia insulation (k = 0.050 W/m-K) having 
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a surface emissivity of ¢ = 0.60, compute and plot 
the required heat flux gq’ as a function of insulation 
thickness in the range from 0 to 20mm. For this 
range, compute and plot the convection and radia- 
tion heat rates per unit tube length as a function of 
insulation thickness. 


9.69 A billet of stainless steel, AISI 316, with a diameter of 


9.70 


150 mm and a length of 500 mm emerges from a heat 
treatment process at 200°C and is placed in an unstirred 
oil bath maintained at 20°C. 


(a) Determine whether it is advisable to position the 
billet in the bath with its centerline horizontal or 
vertical in order to decrease the cooling time. 


(b)| Estimate the time for the billet to cool to 30°C for 


the preferred arrangement. 


Long stainless steel rods of 50-mm diameter are pre- 
heated to a uniform temperature of 1000 K before being 
suspended from an overhead conveyor for transport to a 
hot forming operation. The conveyor is in a large room 
whose walls and air are at 300 K. 


Steel rod, € 


(a) Assuming the linear motion of the rod to have a 
negligible effect on convection heat transfer from 
its surface, determine the average convection coef- 
ficient at the start of the transport process. 


(b) If the surface emissivity of the rod is « = 0.40, 
what is the effective radiation heat transfer coeffi- 
cient at the start of the transport process? 


(c) Assuming a constant cumulative (radiation plus 
convection) heat transfer coefficient corresponding 
to the results of parts (a) and (b), what is the maxi- 
mum allowable conveyor transit time, if the center- 
line temperature of the rod must exceed 900 K for 
the forming operation? Properties of the steel are 
k = 25 Wim: K anda = 5.2 X 10°° m’/s. 


(d) | Heat transfer by convection and radiation are actu- 
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ally decreasing during the transfer operation. 
Accounting for this reduction, reconsider the condi- 
tions of part (c) and obtain a more accurate estimate 
of the maximum allowable conveyor transit time. 


Hot air flows from a furnace through a 0.15-m-diameter, 
thin-walled steel duct with a velocity of 3 m/s. The duct 


passes through the crawlspace of a house, and its unin- 
sulated exterior surface is exposed to quiescent air and 
surroundings at 0°C. 


(a) At a location in the duct for which the mean air 
temperature is 70°C, determine the heat loss per 
unit duct length and the duct wall temperature. The 
duct outer surface has an emissivity of 0.5. 


(b) If the duct is wrapped with a 25-mm-thick layer of 
85% magnesia insulation (k = 0.050 W/m: K) hav- 
ing a surface emissivity of ¢ = 0.60, what are the 
duct wall temperature, the outer surface tempera- 
ture, and the heat loss per unit length? 


9.72 | A biological fluid moves at a flow rate of m = 0.02 kg/s 


through a coiled, thin-walled, 5-mm-diameter tube sub- 
merged in a large water bath maintained at 50°C. The 
fluid enters the tube at 25°C. 


(a) Estimate the length of the tube and the number of 
coil turns required to provide an exit temperature of 
To = 38°C for the biological fluid. Assume that 
the water bath is an extensive, quiescent medium, 
that the coiled tube approximates a horizontal tube, 
and that the biological fluid has the thermophysical 
properties of water. 


Biological 


fluid 


. Tina 
m = 0.02 kg/s —> mo ; 


; = 25°C | 


T., = 50°C 


Thin-walled tube, 
D=5mm 


|p, = —+| 


200 mm 


(b) The flow rate through the tube is controlled by a 
pump that experiences throughput variations of 
approximately +10% at any one setting. This con- 
dition is of concern to the project engineer because 
the corresponding variation of the exit temperature 
of the biological fluid could influence the down- 
stream process. What variation would you expect 
in T,,,, for a +10% change in m? 


mo 


9.73 Consider a batch process in which 200 L of a pharma- 


ceutical are heated from 25°C to 70°C by saturated 
steam condensing at 2.455 bars as it flows through a 
coiled tube of 15-mm diameter and 15-m length. At any 


a Problems 


time during the process, the liquid may be approximated 
as an infinite, quiescent medium of uniform temperature 
and may be assumed to have constant properties of 
p = 1100kg/m*, c = 2000J/kg-K, k = 0.25 W/m:K, 
v= 4.0 X 10° m/s, Pr = 10, and B = 0.002 K™'. The 
thermal resistances of the condensing steam and tube 
wall may be neglected. 


Saturated 
steam, p..4 
Coiled tubing 


LD 


Quiescent 
liquid, 7 (2) 


Containment vessel, V 


gee a? Insulation 


(a) What is the initial rate of heat transfer to the phar- 
maceutical? 


(b) | Neglecting heat transfer between the tank and its sur- 
roundings, how long does it take to heat the pharma- 
ceutical to 70°C? Plot the corresponding variation 
with time of the fluid temperature and the convection 
coefficient at the outer surface of the tube. How much 
steam is condensed during the heating process? 


9.74 In the analytical treatment of the fin with uniform 


cross-sectional area, it was assumed that the convection 
heat transfer coefficient is constant along the length of 
the fin. Consider an AISI 316 steel fin of 6-mm diame- 
ter and 50-mm length (with insulated tip) operating 
under conditions for which T, = 125°C, T,, = 27°C, 
Tey = 27°C, and e = 0.6. 


(a) Estimate average values of the fin heat transfer 
coefficients for free convection (h,) and radiation 
exchange (h,). Use these values to predict the tip 
temperature and fin effectiveness. 


Use a numerical method of solution to estimate the 


(b) 


foregoing parameters when the convection and 
radiation coefficients are based on local, rather than 
average, values for the fin. 


9.75 A hot fluid at 35°C is to be transported through a tube 


horizontally positioned in quiescent air at 25°C. Which 
of the tube shapes, each of equal cross-sectional area, 
would you use in order to minimize heat losses to the 
ambient air by free convection? 
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20 mm 22.56 mm 


9.76 


9.77 


9.78 


(3) (4) 


Use the following correlation of Lienhard [Jnt. J. Heat 
Mass Transfer, 16, 2121, 1973] to approximate the 
laminar convection coefficient for an immersed body 
on which the boundary layer does not separate from 
the surface, 


Nu, = 0.52 Raj'* 


The characteristic length / is the length of travel of the 
fluid in the boundary layer across the shape surface. 
Compare this correlation to that given for a sphere to 
test its utility. 


Consider a 2-mm-diameter sphere immersed in a fluid 
at 300 K and 1 atm. 


(a) If the fluid around the sphere is quiescent and 
extensive, show that the conduction limit of heat 
transfer from the sphere can be expressed as 
Nup cona = 2. Hint: Begin with the expression for the 
thermal resistance of a hollow sphere, Equation 3.41, 
letting r, > ©, and then expressing the result in 
terms of the Nusselt number. 


(b) Considering free convection, at what surface tem- 
perature will the Nusselt number be twice that for 
the conduction limit? Consider air and water as the 


fluids. 


Considering forced convection, at what velocity 
will the Nusselt number be twice that for the 
conduction limit? Consider air and water as the 
fluids. 


A sphere of 25-mm diameter contains an embedded 
electrical heater. Calculate the power required to main- 
tain the surface temperature at 94°C when the sphere is 
exposed to a quiescent medium at 20°C for: (a) air at 
atmospheric pressure, (b) water, and (c) ethylene glycol. 


Parallel Plate Channels 


Consider two long vertical plates maintained at uniform 
temperatures T,, > T,5. The plates are open at their 
ends and are separated by the distance 2L. 


612 


9.79 


9.80 


Chapter 9 = Free Convection 


PN 


(a) 


Sketch the velocity distribution in the space between 
the plates. 

(b) Write appropriate forms of the continuity, momen- 
tum, and energy equations for laminar flow between 
the plates. 

(c) Evaluate the temperature distribution, and express 
your result in terms of the mean temperature, 7, = 
(T,) + Ty2)/2. 

Estimate the vertical pressure gradient by assuming 
the density to be a constant p,, corresponding to T,,. 
Substituting from the Boussinesq approximation, 


obtain the resulting form of the momentum equation. 


(d) 


(e) Determine the velocity distribution. 


Consider the conditions of Problem 9.9, but now view the 
problem as one involving free convection between verti- 
cal, parallel plate channels. What is the optimum fin spac- 
ing S? For this spacing and the prescribed values of t and 
W, what is the rate of heat transfer from the fins? 


A vertical array of circuit boards is immersed in quies- 
cent ambient air at T,, = 17°C. Although the compo- 
nents protrude from their substrates, it is reasonable, as a 
first approximation, to assume flat plates with uniform 
surface heat flux q‘. Consider boards of length and width 
L=W=04m and spacing S = 25 mm. If the maxi- 
mum allowable board temperature is 77°C, what is the 
maximum allowable power dissipation per board? 


Ty 
_Y 
at 
qs qs 
Circuit 
boards _ a L 
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Determined to reduce the $7 per week cost associated 
with heat loss through their patio window by convec- 
tion and radiation, the tenants of Problem 9.18 cover 
the inside of the window with a 50-mm-thick sheet of 
extruded insulation. Because they are not very handy 
around the house, the insulation is installed poorly, 
resulting in an S = 5-mm gap between the extruded 
insulation and the window pane, allowing the room air 
to infiltrate into the space between the pane and the 
insulation. 


(a) Determine the window heat loss and associated 
weekly cost with the ill-fitting insulation in place. 
The insulation will significantly reduce the radia- 
tion losses through the window. Losses will be due 
almost entirely to convection. 


(b) 


Plot the heat loss through the patio window as a 


function of the gap spacing for lmm=S= 
20 mm. 


The front door of a dishwasher of width 580 mm has a 
vertical air vent that is 500 mm in height with a 20-mm 
spacing between the inner tub operating at 52°C and an 
outer plate that is thermally insulated. 


Insulated 
surface 


Air 


Determine the heat loss from the tub surface when 
the ambient air is 27°C. 


(a) 


(b) A change in the design of the door provides the 
opportunity to increase or decrease the 20-mm 
spacing by 10mm. What recommendations would 
you offer with regard to how the change in spacing 


will alter heat losses? 


A natural convection air heater consists of an array of 
parallel, equally spaced vertical plates, which may be 
maintained at a fixed temperature T, by embedded elec- 
trical heaters. The plates are of length and width 
L = W = 300 mm and are in quiescent, atmospheric air 
at T,, = 20°C. The total width of the array cannot 
exceed a value of W,, = 150 mm. 


a Problems 


Ambient air, 7, 


For T, = 75°C, what is the plate spacing S that 
maximizes heat transfer from the array? For this spac- 
ing, how many plates comprise the array and what is 


the corresponding rate of heat transfer from the array? 


9.84 A bank of drying ovens is mounted on a rack in a room 


with an ambient air temperature of 27°C. The cubical 
ovens are 500 mm to a side, and the spacing between 
the ovens is 15 mm. 


Drying oven 


(a) Estimate the heat loss from a facing side of an oven 
when its surface temperature is 47°C. 


[@) 


Explore the effect of the spacing on the heat loss. 
At what spacing is the heat loss a maximum? 
Describe the boundary layer behavior for this con- 
dition. Can this condition be analyzed by treating 
the side of an oven as an isolated vertical plate? 


9.85 A solar collector consists of a parallel plate channel that 


is connected to a water storage plenum at the bottom 
and to a heat sink at the top. The channel is inclined 
@ = 30° from the vertical and has a transparent cover 
plate. Solar radiation transmitted through the cover plate 
and the water maintains the isothermal absorber plate at 
a temperature T, = 67°C, while water returned to the 
reservoir from the heat sink is at T,, = 27°C. The sys- 
tem operates as a thermosyphon, for which water flow 
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is driven exclusively by buoyancy forces. The plate 
spacing and length are S = 15mm and ZL = 1.5m. 


sink 


Cover plate Absorber plate, 7, 


<— From heat sink 


Assuming the cover plate to be adiabatic with respect 
to convection heat transfer to or from the water, estimate 
the rate of heat transfer per unit width normal to the flow 
direction (W/m) from the absorber plate to the water. 


Rectangular Cavities 


9.86 


9.87 


9.88 


As is evident from the property data of Tables A.3 and 
AA, the thermal conductivity of glass at room tempera- 
ture is more than 50 times larger than that of air. It is 
therefore desirable to use windows of double-pane con- 
struction, for which the two panes of glass enclose an air 
space. If heat transfer across the air space is by conduc- 
tion, the corresponding thermal resistance may be 
increased by increasing the thickness L of the space. How- 
ever, there are limits to the efficacy of such a measure, 
since convection currents are induced if L exceeds a criti- 
cal value, beyond which the thermal resistance decreases. 

Consider atmospheric air enclosed by vertical 
panes at temperatures of T, = 22°C and T, = —20°C. If 
the critical Rayleigh number for the onset of convection 
is Ra, ~ 2000, what is the maximum allowable spacing 
for conduction across the air? How is this spacing 
affected by the temperatures of the panes? How is it 
affected by the pressure of the air, as, for example, by 
partial evacuation of the space? 


A building window pane that is 1.2m high and 0.8m 
wide is separated from the ambient air by a storm window 
of the same height and width. The air space between the 
two windows is 0.06 m thick. If the building and storm 
windows are at 20 and —10°C, respectively, what is the 
rate of heat loss by free convection across the air space? 


To reduce heat losses, a horizontal rectangular duct that 
is W = 0.80 m wide and H = 0.3 m high is encased in 
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a metal radiation shield. The duct wall and shield are 
separated by an air gap of thickness t = 0.06 m. For a 
duct wall temperature of 7, = 40°C and a shield tem- 
perature of T,, = 20°C, determine the convection heat 
loss per unit length from the duct. 


Duct 
T, = 40°C 


Shield 
Toy, = 20°C 


9.89 The absorber plate and the adjoining cover plate of a 


flat-plate solar collector are at 70 and 35°C, respec- 
tively, and are separated by an air space of 0.05 m. 
What is the rate of free convection heat transfer per unit 
surface area between the two plates if they are inclined 
at an angle of 60° from the horizontal? 


9.90 Consider a thermal storage system in which the phase 


change material (paraffin) is housed in a large container 
whose bottom, horizontal surface is maintained at T, = 
50°C by warm water delivered from a solar collector. 


(a) Neglecting the change in sensible energy of the liq- 
uid phase, estimate the amount of paraffin that is 
melted over a five-hour period beginning with an 
initial liquid layer at the bottom of the container of 
thickness s;= 10mm. The paraffin of Problems 
8.47 and 9.57 is used as the phase change material 
and is initially at the phase change temperature, 
Tp = 27.4°C. The bottom surface area of the con- 
tainer is A = 2.5 m’. 

(b) Compare the amount of energy needed to melt the 
paraffin to the amount of energy required to 
increase the temperature of the same amount of liq- 
uid from the phase change temperature to the aver- 
age liquid temperature, (T, + T,,,)/2. 


(c) Neglecting the change in sensible energy of the liquid 
phase, estimate the amount of paraffin that would 
melt over a five-hour time period if the hot plate is 
placed at the top of the container and s; = 10 mm. 


9.91 A rectangular cavity consists of two parallel, 0.5-m- 


square plates separated by a distance of 50mm, with 
the lateral boundaries insulated. The heated plate is 
maintained at 325 K and the cooled plate at 275 K. Esti- 
mate the heat flux between the surfaces for three orien- 
tations of the cavity using the notation of Figure 9.6: 
vertical with tT = 90°, horizontal with t = 0°, and hori- 
zontal with 7 = 180°. 


9.92 Consider a horizontal flat roof section having the same 


dimensions as a vertical wall section. For both sections, 


the surfaces exposed to the air gap are at 18°C (inside) 
and —10°C (outside). 


Vertical wall section i 
a i 
¢-—$—3in—_—s10. 


Horizontal roof section 


lm 


3m 
Baffle, part b 
Air 
0.1m—| k-— 


(a) Estimate the ratio of the convection heat rate for 
the horizontal section to that of the vertical section. 


(b) What effect will inserting a baffle at the mid-height 
of the vertical section have on the convection heat 
rate for that section? 


9.93 A 50-mm-thick air gap separates two horizontal metal 


plates that form the top surface of an industrial furnace. 
The bottom plate is at 7, = 200°C and the top plate is at 
T, = 50°C. The plant operator wishes to provide insula- 
tion between the plates to minimize heat loss. The rela- 
tively hot temperatures preclude use of foamed or felt 
insulation materials. Evacuated insulation materials 
cannot be used due to the harsh industrial environment 
and their expense. A young engineer suggests that equally 
spaced, thin horizontal sheets of aluminum foil may be 
inserted in the gap to eliminate natural convection and 
minimize heat loss through the air gap. 


Conv Te = 50°C Yond 
Ai Aluminum 
i foil sheets 
T;, = 200°C 


(a) Determine the convective heat flux across the gap 
when no insulation is in place. 


(b) Determine the minimum number of foil sheets 
that must be inserted in the gap to eliminate free 
convection. 


(c) Determine the conduction heat flux across the air 
gap with the foil sheets in place. 


9.94 The space between the panes of a double-glazed window 


can be filled with either air or carbon dioxide at atmos- 
pheric pressure. The window is 1.5 m high and the spac- 
ing between the panes can be varied. Develop an analysis 
to predict the convection heat transfer rate across the 
window as a function of pane spacing and determine, 
under otherwise identical conditions, whether air or car- 
bon dioxide will yield the smaller rate. Illustrate the 
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a Problems 


results of your analysis for two surface-temperature con- 
ditions: winter (— 10°C, 20°C) and summer (35°C, 25°C). 


A vertical, double-pane window, which is | m on a side 
and has a 25-mm gap filled with atmospheric air, 
separates quiescent room air at T,,; = 20°C from quies- 
cent ambient air at T,,,, = —20°C. Radiation exchange 


between the window panes, as well as between each 
pane and its surroundings, may be neglected. 


Ambient air 


(a) Neglecting the thermal resistance associated with 
conduction heat transfer across each pane, determine 
the corresponding temperature of each pane and the 
rate of heat transfer through the window. 


(b) Comment on the validity of neglecting the conduc- 
tion resistance of the panes if each is of thickness 
L, = 6mm. 


The top surface (0.5m X 0.5 m) of an oven is 60°C for 
a particular operating condition when the room air is 
23°C. To reduce heat loss from the oven and to mini- 
mize burn hazard, it is proposed to create a 50-mm air 
space by adding a cover plate. 


Air space 
Quiescent T 50 mm —e plate 
: Y 
es e i—J, 
Insulation 4 
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(a) Assuming the same oven surface temperature T, for 
both situations, estimate the reduction in the convec- 
tion heat loss resulting from installation of the cover 
plate. What is the temperature of the cover plate? 


(b) Explore the effect of the cover plate spacing on the 
convection heat loss and the cover plate tempera- 
ture for spacings in the range 5 = L = 50mm. Is 
there an optimum spacing? 


Consider window blinds that are installed in the air 
space between the two panes of a vertical double-pane 
window. The window is H = 0.5 m high and w = 0.5m 
wide, and includes N = 19 individual blinds that are 
each L = 25mm wide. When the blinds are open, 
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20 smaller, square enclosures are formed along the 
height of the window. In the closed position, the blinds 
form a nearly continuous sheet with two tf = 12.5 mm 
open gaps at the top and bottom of the enclosure. 
Determine the convection heat transfer rate between the 
inner pane, which is held at T,; = 20°C, and the outer 
pane, which is at T,, = —20°C, when the blinds are in 
the open and closed positions, respectively. Explain 
why the closed blinds have little effect on the convec- 
tion heat transfer rate across the cavity. 


t=12.5mm 
ry 
L=25mm 
Tyo 
H=0.5m 
Ty; 
Baffle Baffle 


Closed 
t=12.5mm 


Open 


A solar water heater consists of a flat-plate collector 
that is coupled to a storage tank. The collector consists 
of a transparent cover plate and an absorber plate that 
are separated by an air gap. 


Absorber 


plate, 7, 


Cover 


plate, T> 


Solar Woke. Hot water supply 
irradiation Te > : = 
i H Storage “| Back-up 
tank ‘4 heater 
~< ~< 


Cold water return 


Although much of the solar energy collected by the 
absorber plate is transferred to a working fluid passing 
through a coiled tube brazed to the back of the absorber, 
some of the energy is lost by free convection and net 
radiation transfer across the air gap. In Chapter 13, we 
will evaluate the contribution of radiation exchange to 
this loss. For now, we restrict our attention to the free 
convection effect. 


(a) Consider a collector that is inclined at an angle of 
Tt = 60° and has dimensions of H = w =2mona 
side, with an air gap of L = 30 mm. If the absorber 
and cover plates are at T, = 70°C and T, = 30°C, 
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respectively, what is the rate of heat transfer by 
free convection from the absorber plate? 


(b) 


The heat loss by free convection depends on the 


spacing between the plates. Compute and plot the 
heat loss as a _ function of spacing for 
5 = L=50mm. Is there an optimum spacing? 


Concentric Cylinders and Spheres 


9.99 


9.100 


9.101 


Consider the cylindrical, 0.12-m-diameter radiation 
shield of Example 9.5 that is installed concentric with 
a 0.10-m-diameter tube carrying steam. The spacing 
provides an air gap of L = 10mm. 


(a) Calculate the heat loss per unit length of the tube 
by convection when a second shield of 0.14-m 
diameter is installed, with the second shield main- 
tained at 35°C. Compare the result to that for the 
single shield of the example. 


(b) In the two-shield configuration of part (a), the air 
gaps formed by the annular concentric tubes are 
L = 10mm. Calculate the heat loss per unit length 
if the gap dimension is L = 15 mm. Do you expect 
the heat loss to increase or decrease? 


The effective thermal conductivity k.»- for concentric 
cylinders and concentric spheres is provided in Equa- 
tions 9.59 and 9.62, respectively. Derive expressions 
for the critical Rayleigh numbers associated with the 
cylindrical and spherical geometries, Ra,..,, and Ray, 1, 
respectively, below which k,;- is minimized. Evaluate 
Ra geri, ANd Ray... for air, water, and glycerin at a mean 
temperature of 300K. For specified inner and outer 
surface temperatures and inner cylinder or sphere radii, 
comment on the heat transfer rate for outer cylinder 
or sphere radii corresponding to Ra,.., and Rd, wits 
respectively. 


A solar collector design consists of an inner tube 
enclosed concentrically in an outer tube that is trans- 
parent to solar radiation. The tubes are thin walled 
with inner and outer diameters of 0.10 and 0.15 m, 
respectively. The annular space between the tubes is 
completely enclosed and filled with air at atmos- 
pheric pressure. Under operating conditions for 
which the inner and outer tube surface temperatures 
are 70 and 30°C, respectively, what is the convective 
heat loss per meter of tube length across the air 
space? 


9.102| A proposed method to reduce heat losses from a hori- 


zontal, isothermal cylinder placed within a large room 
is to encase it within a larger cylinder, as shown in the 
schematic, with all surfaces painted with a low emis- 
sivity coating. 


Quiescent air, T., 


9.103 


9.104 


Inner cylinder, 
, rT; 

Air 
Outer cylinder, 


Flow pattern 
T;>T, 


Air at atmospheric pressure exists within the 
annular region. For a concentrically located inner 
cylinder of surface temperature 7; = 70°C and radius 
r, = 20mm, and for an ambient temperature of 
T.. = 30°C, determine the optimal radius of the 
outer cylinder r, that will minimize the convection 
heat loss. Compare the convection heat loss from the 
inner cylinder with the optimally sized outer cylinder 
in place to the heat loss without the outer cylinder. Is 
the approach effective? 


It has been proposed to use large banks of recharge- 
able, lithium ion batteries to power electric vehicles. 
The cylindrical batteries, each of which is of radius 
r; = 9mm and length L = 65 mm, undergo exothermic 
electrochemical reactions while being discharged. 
Since excessively high temperatures damage the batter- 
ies, it is proposed to encase them in a phase change 
material that melts when the batteries discharge (and 
resolidifies when the batteries are charged; charging is 
associated with an endothermic electrochemical reac- 
tion). Consider the paraffin of Problems 8.47 and 9.57. 


(a) At an instant in time during the discharge of a bat- 
tery, liquid paraffin occupies an annular region of 
outer radius r, = 19 mm around the battery, which 
is generating E, = 1 W of thermal energy. Deter- 
mine the surface temperature of the battery. 


(b) 


At the time of interest in part (a), what is the rate 
at which the liquid annulus radius is increasing? 


(c) Plot the battery surface temperature versus the 
outer radius of the liquid-filled annulus. Explain 
the relative insensitivity of the battery surface tem- 
perature to the size of the annulus for 15 mm = 


r, = 30mm. 


Free convection occurs between concentric spheres. 
The inner sphere is of diameter D; = 50 mm and tem- 
perature 7, = 50°C, while the outer sphere is main- 
tained at T, = 20°C. Air is in the gap between the 


9.105 


9.106 


9.107 


a Problems 


spheres. What outer sphere diameter is required so that 
the convection heat transfer from the inner sphere is the 
same as if it were placed in a large, quiescent environ- 
ment with air at T,, = 20°C? 


The surfaces of two long, horizontal, concentric thin- 
walled tubes having radii of 100 and 125mm are 
maintained at 300 and 400K, respectively. If the 
annular space is pressurized with nitrogen at 5 atm, 
estimate the convection heat transfer rate per unit 
length of the tubes. 


Consider the phase change material (PCM) of 
Problems 8.47 and 9.57. The PCM is housed in a 
long, horizontal, and insulated cylindrical enclosure 
of diameter D, = 200mm, which in turn includes a 
concentric, heated inner cylinder of diameter D; = 
30 mm. Initially, the PCM is entirely solid and at its 
phase change temperature. The inner cylinder tem- 
perature is suddenly raised to T,, = 50°C. Assuming 
the PCM melts to form an expanding concentric 
liquid region about the heated tube such as the one 
shown in the schematic, determine how long it takes 
to melt half of the PCM. 


D, 


e 


Molten PCM 


Inner 
cylinder, 7, 


Solid PCM 


Enclosure 


Liquid nitrogen is stored in a thin-walled spherical 
vessel of diameter D; = 1 m. The vessel is positioned 
concentrically within a larger, thin-walled spherical 
container of diameter D, = 1.10 m, and the interven- 
ing cavity is filled with atmospheric helium. 


Gaseous 
nitrogen 


D..T. Atmospheric 
_* helium 
D,, T,; Liquid 
nitrogen 


Under normal operating conditions, the inner and outer 
surface temperatures are T; = 77 K and T, = 283 K. If 
the latent heat of vaporization of nitrogen is 2 X 10° J/kg, 


617 


what is the mass rate m (kg/s) at which gaseous nitro- 
gen is vented from the system? 


9.108 The human eye contains aqueous humor, which sepa- 


rates the external cornea and the internal iris—lens struc- 
ture. It is hypothesized that, in some individuals, small 
flakes of pigment are intermittently liberated from 
the iris and migrate to, and subsequently damage, the 
cornea. Approximating the geometry of the enclosure 
formed by the cornea and iris—lens structure as a pair of 
concentric hemispheres of outer radius r, = 10mm 
and inner radius r; = 7mm, respectively, investigate 
whether free convection can occur in the aqueous 
humor by evaluating the effective thermal conductivity 
ratio, kg/k. If free convection can occur, it is possible 
that the damaging particles are advected from the iris 
to the cornea. The iris—lens structure is at the core tem- 
perature, T,; = 37°C, while the cornea temperature is 
measured to be 7, = 34°C. The properties of the aque- 
ous humor are p= 990kg/m*, k = 0.58 W/m-K, 
Cy = 4.2 X 10° J/kg-K, w = 7.1 X10* N+s/m’, and 
B=3.2x 107K, 


Aqueous 
humor 


Suspensory 
ligament 


= 


Cornea 


Mixed Convection 


9.109 A horizontal, 25-mm diameter cylinder is main- 


tained at a uniform surface temperature of 35°C. A 
fluid with a velocity of 0.05 m/s and temperature of 
20°C is in cross flow over the cylinder. Determine 
whether heat transfer by free convection will be 
significant for (i) air, (ii) water, (iii) engine oil, and 
(iv) mercury. 


9.110 According to experimental results for parallel airflow 


over a uniform temperature, heated vertical plate, 
the effect of free convection on the heat transfer 
convection coefficient will be 5% when Gr,/Re; = 
0.08. Consider a heated vertical plate 0.3 m long, main- 
tained at a surface temperature of 60°C in atmospheric 
air at 25°C. What is the minimum vertical velocity 
required of the airflow such that free convection effects 
will be less than 5% of the heat transfer rate? 
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A vertical array of circuit boards of 150-mm height is to 
be air cooled such that the board temperature does not 
exceed 60°C when the ambient temperature is 25°C. 


4 
a 


Airflow, 
Ti 
(b) = (c) f 


Vv 


it 


s 


Board 


A 


Quiescent 
air, T., 


(a) 
Assuming isothermal surface conditions, determine 


the allowable electrical power dissipation per board 
for the cooling arrangements: 


(a) Free convection only (no forced airflow). 
(b) Airflow with a downward velocity of 0.6 m/s. 
(c) Airflow with an upward velocity of 0.3 m/s. 


(d) Airflow with a velocity (upward or downward) of 
5 m/s. 


9.112 A probe, used to measure the velocity of air in a low- 


speed wind tunnel, is fabricated of an L = 100mm 
long, D=8-mm outside diameter horizontal alu- 
minum tube. Power resistors are inserted into the sta- 
tionary tube and dissipate P = 1.5 W. The surface 
temperature of the tube is determined experimentally 
by measuring the emitted radiation from the exterior 
of the tube. To maximize surface emission, the exte- 
rior of the tube is painted with flat black paint having 
an emissivity of ¢ = 0.95. 


(a) For air at a temperature and cross flow velocity of 
T.. = 25°C, V = 0.1 m/s, respectively, determine 
the surface temperature of the tube. The surround- 
ings temperature is 7,,, = 25°C. 


(b) For the conditions of part (a), plot the tube surface 
temperature versus the cross flow velocity over the 
range 0.05 m/s = V = 1 m/s. 


9.113 A horizontal 100-mm-diameter pipe passing hot oil is 


to be used in the design of an industrial water heater. 
Based on a typical water draw rate, the velocity over 
the pipe is 0.5 m/s. The hot oil maintains the outer 
surface temperature at 85°C and the water temperature 
is 37°C. 


Batch method 


ee wo | { | (c) 


directions 
— 
@) Sa 1h = SC 
— 
Pipe, Water, 37°C 


100 mm diameter 


Investigate the effect of flow direction on the heat rate 
(W/m) for (a) horizontal, (b) downward, and (c) 
upward flow. 


9.114] Determine the heat transfer rate from the steel plates 


of Problem 7.24 accounting for free convection from 
the plate surfaces. What is the corresponding rate of 
change of the plate temperature? Plot the heat transfer 
coefficient associated with free convection, forced 
convection, and mixed convection for air velocities 
ranging from 2 =u., = 10 m/s. The velocity of the 
plate is small compared to the air velocity. 


9.115 An experiment involves heating a very small sphere 


that is suspended by a fine string in air with a laser 
beam in order to induce the highest sphere tempera- 
ture possible. After inspecting Equation 9.64, a 
research assistant suggests inducing a uniform down- 
ward airflow to exactly offset free convection from 
the sphere, thereby minimizing heat losses and maxi- 
mizing the steady-state sphere temperature. In the 
limiting case of a very small sphere, what is the mini- 
mum value of the convection heat transfer coefficient 
expressed in terms of the sphere diameter and thermal 
conductivity of the air? 


9.116 Square panels (250 mm X 250 mm) with a decorative, 


highly reflective plastic finish are cured in an oven at 
125°C and cooled in quiescent air at 29°C. Quality 
considerations dictate that the panels remain horizon- 
tal and that the cooling rate be controlled. To increase 
productivity in the plant, it is proposed to replace the 
batch cooling method with a conveyor system having 
a velocity of 0.5 m/s. 


Quiescent air 


Quiescent air 


ss _ >V 


Conveyor method 


Compare the initial (immediately after leaving the oven) 
convection heat transfer rates for the two methods. 


Boiling and 
Condensation 
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T n this chapter we focus on convection processes associated with the change in phase of a 
fluid. In particular, we consider processes that can occur at a solid—liquid or solid—vapor 
interface, namely, boiling and condensation. For these cases latent heat effects associated 
with the phase change are significant. The change from the liquid to the vapor state due to 
boiling is sustained by heat transfer from the solid surface; conversely, condensation of a 
vapor to the liquid state results in heat transfer to the solid surface. 

Since they involve fluid motion, boiling and condensation are classified as forms of the 
convection mode of heat transfer. However, they are characterized by unique features. 
Because there is a phase change, heat transfer to or from the fluid can occur without influenc- 
ing the fluid temperature. In fact, through boiling or condensation, large heat transfer rates 
may be achieved with small temperature differences. In addition to the latent heat h,,, two 
other parameters are important in characterizing the processes, namely, the surface tension o 
at the liquid—vapor interface and the density difference between the two phases. This differ- 
ence induces a buoyancy force, which is proportional to g(p; — p,). Because of combined 
latent heat and buoyancy-driven flow effects, boiling and condensation heat transfer coeffi- 
cients and rates are generally much larger than those characteristic of convection heat transfer 
without phase change. 

Many engineering applications that are characterized by high heat fluxes involve boiling 
and condensation. In a closed-loop power cycle, pressurized liquid is converted to vapor in a 
boiler. After expansion in a turbine, the vapor is restored to its liquid state in a condenser, 
whereupon it is pumped to the boiler to repeat the cycle. Evaporators, in which the boiling 
process occurs, and condensers are also essential components in vapor-compression refrigera- 
tion cycles. The high heat transfer coefficients associated with boiling make it attractive to 
consider for purposes of managing the thermal performance of advanced electronics equip- 
ment. The rational design of such components dictates that the associated phase change 
processes be well understood. 

In this chapter our objectives are to develop an appreciation for the physical conditions 
associated with boiling and condensation and to provide a basis for performing related heat 
transfer calculations. 


10.1 Dimensionless Parameters in Boiling and Condensation 


In our treatment of boundary layer phenomena (Chapter 6), we nondimensionalized the 
governing equations to identify relevant dimensionless groups. This approach enhanced our 
understanding of related physical mechanisms and suggested simplified procedures for 
generalizing and representing heat transfer results. 

Since it is difficult to develop governing equations for boiling and condensation processes, 
the appropriate dimensionless parameters can be obtained by using the Buckingham pi 
theorem [1]. For either process, the convection coefficient could depend on the difference 
between the surface and saturation temperatures, AT = IT, — T,,,|, the body force arising from 
the liquid—vapor density difference, g(p, — p,), the latent heat h,,, the surface tension a, a 
characteristic length L, and the thermophysical properties of the liquid or vapor: p, c,, k, [. 
That is, 


h=Nh[AT, 9(p; — pp), hy, 7, L, p, Cp K, HI (10.1) 
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Since there are 10 variables in 5 dimensions (m, kg, s, J, K), there are (10 — 5) =5 
pi-groups, which can be expressed in the following forms: 


Lp SCNT ick. og, =p 
AL. s[ eee Po) a p 81 aa (10.2a) 
k oa Ne k 
or, defining the dimensionless groups, 
= 13 
ne, = 5 282 VP z a, Pr.Bo (10.2b) 
io 


The Nusselt and Prandtl numbers are familiar from our earlier single-phase convection 
analyses. The new dimensionless parameters are the Jakob number Ja, the Bond number 
Bo, and a nameless parameter that bears a strong resemblance to the Grashof number (see 
Equation 9.12 and recall that BAT ~ Ap/p). This unnamed parameter represents the effect 
of buoyancy-induced fluid motion on heat transfer. The Jakob number is the ratio of the 
maximum sensible energy absorbed by the liquid (vapor) to the latent energy absorbed by 
the liquid (vapor) during condensation (boiling). In many applications, the sensible energy 
is much less than the latent energy and Ja has a small numerical value. The Bond number is 
the ratio of the buoyancy force to the surface tension force. In subsequent sections, we will 
delineate the role of these parameters in boiling and condensation. 


10.2 Boiling Modes 


When evaporation occurs at a solid—liquid interface, it is termed boiling. The process 
occurs when the temperature of the surface 7, exceeds the saturation temperature T,,, corre- 
sponding to the liquid pressure. Heat is transferred from the solid surface to the liquid, and 
the appropriate form of Newton’s law of cooling is 


qs = ne a La) a Mh, (10.3) 


where AT, = T, — T,,, is termed the excess temperature. The process is characterized by the 
formation of vapor bubbles, which grow and subsequently detach from the surface. Vapor 
bubble growth and dynamics depend, in a complicated manner, on the excess temperature, 
the nature of the surface, and thermophysical properties of the fluid, such as its surface 
tension. In turn, the dynamics of vapor bubble formation affect liquid motion near the sur- 
face and therefore strongly influence the heat transfer coefficient. 

Boiling may occur under various conditions. For example, in pool boiling the liquid 
is quiescent and its motion near the surface is due to free convection and to mixing induced 
by bubble growth and detachment. In contrast, for forced convection boiling, fluid motion 
is induced by external means, as well as by free convection and bubble-induced mixing. 
Boiling may also be classified according to whether it is subcooled or saturated. In sub- 
cooled boiling, the temperature of most of the liquid is below the saturation temperature and 
bubbles formed at the surface may condense in the liquid. In contrast, the temperature of the 
liquid slightly exceeds the saturation temperature in saturated boiling. Bubbles formed at 
the surface are then propelled through the liquid by buoyancy forces, eventually escaping 
from a free surface. 
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10.3 Pool Boiling 


Saturated pool boiling, as shown in Figure 10.1, has been studied extensively. Although 
there is a sharp increase in the liquid temperature close to the solid surface, the temperature 
through most of the liquid remains slightly above saturation. Bubbles generated at the 
liquid—solid interface rise to the liquid—vapor interface, where the vapor is ultimately trans- 
ported across the interface. An appreciation for the underlying physical mechanisms may be 
obtained by examining the boiling curve. 


10.3.1 The Boiling Curve 


Nukiyama [2] was the first to identify different regimes of pool boiling using the apparatus 
of Figure 10.2. The heat flux from a horizontal nichrome wire to saturated water was deter- 
mined by measuring the current flow / and potential drop E. The wire temperature was 
determined from knowledge of the manner in which its electrical resistance varied with tem- 
perature. This arrangement is termed power-controlled heating, wherein the wire tempera- 
ture T, (hence the excess temperature AT,) is the dependent variable and the power setting 
(hence the heat flux q‘’) is the independent variable. Following the arrows of the heating 
curve of Figure 10.3, it is evident that as power is applied, the heat flux increases, at first 
slowly and then very rapidly, with excess temperature. 

Nukiyama observed that boiling, as evidenced by the presence of bubbles, did not 
begin until AT, ~ 5°C. With further increase in power, the heat flux increased to very high 
levels until suddenly, for a value slightly larger than q/,,,, the wire temperature jumped to 
the melting point and burnout occurred. However, repeating the experiment with a 
platinum wire having a higher melting point (2045 K vs. 1500 K), Nukiyama was able to 
maintain heat fluxes above g/,,, without burnout. When he subsequently reduced the 
power, the variation of AT, with g! followed the cooling curve of Figure 10.3. When 
the heat flux reached the minimum point q‘,,,, a further decrease in power caused the 
excess temperature to drop abruptly, and the process followed the original heating curve 
back to the saturation point. 

Nukiyama believed that the hysteresis effect of Figure 10.3 was a consequence of 
the power-controlled method of heating, where AT, is a dependent variable. He also 
believed that by using a heating process permitting the independent control of AT,, the 
missing (dashed) portion of the curve could be obtained. His conjecture was sub- 
sequently confirmed by Drew and Mueller [3]. By condensing steam inside a tube at 


FicurE 10.1 Temperature distribution 
sat T; in saturated pool boiling with a liquid—vapor 


T interface. 
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“{o] Vapor, 1 atm ak: 


Ficure 10.2 Nukiyama’s power- 
controlled heating apparatus for 


demonstrating the boiling curve. 


different pressures, they were able to control the value of AT, for boiling of a low boiling 
point organic fluid at the tube outer surface and thereby obtain the missing portion of the 
boiling curve. 


10.3.2 Modes of Pool Boiling 


An appreciation for the underlying physical mechanisms may be obtained by examining the 
different modes, or regimes, of pool boiling. These regimes are identified in the boiling 
curve of Figure 10.4. The specific curve pertains to water at 1 atm, although similar trends 
characterize the behavior of other fluids. From Equation 10.3 we note that g’ depends on 
the convection coefficient 4, as well as on the excess temperature AT,. Different boiling 
regimes may be delineated according to the value of AT,. 


Free Convection Boiling Free convection boiling is said to exist if AT, = AT, ,, where 
AT, 4 ~ 5°C. The surface temperature must be somewhat above the saturation temperature 
in order to sustain bubble formation. As the excess temperature is increased, bubble incep- 
tion will eventually occur, but below point A (referred to as the onset of nucleate boiling, 
ONB), fluid motion is determined principally by free convection effects. According to 
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Ficure 10.3 Nukiyama’s boiling curve for saturated water at atmospheric pressure. 
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Boiling regimes 
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Ficure 10.4 Typical boiling curve for water at 1 atm: surface heat flux q/’as a function of 
excess temperature, AT, = T, — T..1- 


whether the flow is laminar or turbulent, / varies as AT, to the ; or ; power, respectively, 
in which case q’ varies as AT, to the ? or ¢ power. For a large horizontal plate, the fluid 
flow is turbulent and Equation 9.31 can be used to predict the free convection portion of the 
boiling curve, as shown in Figure 10.4. 


Nucleate Boiling Nucleate boiling exists in the range AT,, = AT, = AT,:, where 
AT, ¢ ~ 30°C. In this range, two different flow regimes may be distinguished. In region 
A-B, isolated bubbles form at nucleation sites and separate from the surface, as illustrated 
in Figure 10.2. This separation induces considerable fluid mixing near the surface, sub- 
stantially increasing / and q’‘. In this regime most of the heat exchange is through direct 
transfer from the surface to liquid in motion at the surface, and not through the vapor bub- 
bles rising from the surface. As AT, is increased beyond AT,,, more nucleation sites 
become active and increased bubble formation causes bubble interference and coales- 
cence. In the region B—C, the vapor escapes as jets or columns, which subsequently merge 
into slugs of the vapor. This condition is illustrated in Figure 10.5a. Interference between 
the densely populated bubbles inhibits the motion of liquid near the surface. Point P of 
Figure 10.4 represents a change in the behavior of the boiling curve. Before point P, the 
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Ficure 10.5 Boiling of methanol on a horizontal tube. (a) Nucleate boil- 
ing in the jets and columns regime. (b) Film boiling. (Photographs courtesy 
of Professor J. W. Westwater, University of Illinois at Champaign-Urbana.) 


boiling curve can be approximated as a straight line on a log—log plot, meaning that 
qd, « AT. Beyond this point, the heat flux increases more slowly as AT, is increased. At 
some point between P and C, the decaying increase of the heat flux leads to a reduction 
of the heat transfer coefficient h = q{/AT,. The maximum heat flux, gc = Gihax» iS usually 
termed the critical heat flux, and in water at atmospheric pressure it exceeds 1 MW/m’. 
At the point of this maximum, considerable vapor is being formed, making it difficult for 
liquid to continuously wet the surface. 

Because high heat transfer rates and convection coefficients are associated with small 
values of the excess temperature, it is desirable to operate many engineering devices in the 
nucleate boiling regime. The approximate magnitude of the convection coefficient may be 
inferred by using Equation 10.3 with the boiling curve of Figure 10.4. Dividing q¢" by AT,, 
it is evident that convection coefficients in excess of 10* W/m?:K are characteristic of this 
regime. These values are considerably larger than those normally corresponding to convec- 
tion with no phase change. 


Transition Boiling The region corresponding to AT,~ = AT, = AT, p, where AT, py ~ 
120°C, is termed transition boiling, unstable film boiling, or partial film boiling. Bubble 
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formation is now so rapid that a vapor film or blanket begins to form on the surface. At 
any point on the surface, conditions may oscillate between film and nucleate boiling, but the 
fraction of the total surface covered by the film increases with increasing AT,. Because 
the thermal conductivity of the vapor is much less than that of the liquid, / (and g’) must 
decrease with increasing AT... 


Film Boiling Film boiling exists for AT, = AT, py. At point D of the boiling curve, 
referred to as the Leidenfrost point, the heat flux is a minimum, gq! p = qin, and the surface 
is completely covered by a vapor blanket. Heat transfer from the surface to the liquid 
occurs by conduction and radiation through the vapor. It was Leidenfrost who in 
1756 observed that water droplets supported by the vapor film slowly boil away as they 
move about a hot surface. As the surface temperature is increased, radiation through 
the vapor film becomes more significant and the heat flux increases with increasing AT,,. 
Figure 10.5b illustrates the nature of the vapor formation and bubble dynamics associated 
with film boiling. The photographs of Figure 10.5 were obtained for the boiling of methanol 
on a horizontal tube. 

Although the foregoing discussion of the boiling curve assumes that control may be 
maintained over T,, it is important to remember the Nukiyama experiment and be mindful of 
the many applications that involve controlling gq’ (e.g., in a nuclear reactor or in an electric 
resistance heater) rather than AT,. Consider starting at point P in Figure 10.4 and gradually 
increasing q’. The value of A7., and hence the value of T,, will also increase, following the 
boiling curve to point C. However, any increase in qi beyond point C will induce a sharp 
increase from AT, to AT, ; = T, ; — Ta. Because T, , may exceed the melting point of the 
solid, system failure may occur. For this reason point C is often termed the burnout point or 
the boiling crisis, and accurate knowledge of the critical heat flux (CHF), gc = qhhaw 1S 
important. Although we may want to operate a heat transfer surface close to the CHF, we 
would rarely want to exceed it. 


10.4 Pool Boiling Correlations 


From the shape of the boiling curve and the fact that various physical mechanisms charac- 
terize the different regimes, it is no surprise that a multiplicity of heat transfer correlations 
exist for the boiling process. For the region below AT, , of the boiling curve (Figure 10.4), 
appropriate free convection correlations from Chapter 9 can be used to estimate heat 
transfer coefficients and heat rates. In this section we review some of the more widely 
used correlations for nucleate and film boiling. 


10.4.1 Nucleate Pool Boiling 


The analysis of nucleate boiling requires prediction of the number of surface nucleation 
sites and the rate at which bubbles originate from each site. While mechanisms associated 
with this boiling regime have been studied extensively, complete and reliable mathematical 
models have yet to be developed. Yamagata et al. [4] were the first to show the influence of 
nucleation sites on the heat rate and to demonstrate that q/ is approximately proportional to 
AT?. It is desirable to develop correlations that reflect this relationship between the surface 
heat flux and the excess temperature. 
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In Section 10.3.2 we noted that within region A-B of Figure 10.4, most of the heat 
exchange is due to direct transfer from the heated surface to the liquid. Hence, the boiling 
phenomena in this region may be thought of as a type of liquid phase forced convection in 
which the fluid motion is induced by the rising bubbles. We have seen that forced convec- 
tion correlations are generally of the form 


Nu, = Cp, Ref Pr (7.1) 


and Equation 7.1 may provide insight into how pool boiling data can be correlated, provided 
that a length scale and a characteristic velocity can be identified for inclusion in the Nusselt 
and Reynolds numbers. The subscript fc is added to the constants that appear in Equation 7.1 to 
remind us that they apply to this forced convection expression. As we saw in Chapter 7, these 
constants are determined experimentally for complicated flows. Because it is postulated that 
the rising bubbles mix the liquid, an appropriate length scale for relatively large heater surfaces 
is the bubble diameter, D,. The diameter of the bubble upon its departure from the heated sur- 
face may be determined from a force balance in which the buoyancy force (which promotes 
bubble departure and is proportional to D;) is equal to the surface tension force (which adheres 
the bubble to the surface and is proportional to D,), resulting in the expression 


oO 


i 
2S) BC; = pa) 


(10.4a) 
The constant of proportionality depends on the angle of contact between the liquid, its 
vapor, and the solid surface; the contact angle depends on the particular liquid and solid 
surface that is considered. The subscripts / and uv denote the saturated liquid and vapor 
states, respectively, and o (N/m) is the surface tension. 

A characteristic velocity for the agitation of the liquid may be found by dividing the 
distance the liquid travels to fill in behind a departing bubble (proportional to D,) by the 
time between bubble departures, ¢,. The time ¢, is equal to the energy it takes to form a 
vapor bubble (proportional to D}), divided by the rate at which heat is added over the 
solid—vapor contact area (proportional to Dj). Thus, 


ce Ob oe Dy aa (10.4b) 
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Substituting Equations 10.4a and 10.4b into Equation 7.1, absorbing the proportionalities 
into the constant C;., and substituting the resulting expression for h into Equation 10.3 pro- 
vides the following expression, where the constants C,, and n are newly introduced and 
the exponent m,, in Equation 7.1 has an experimentally determined value of 2/3: 


g(p,— py) |"? AT. \3 
ha 10. 
ka af di | Chg Pr oe 


Equation 10.5 was developed by Rohsenow [5] and is the first and most widely used 
correlation for nucleate boiling. All properties are for the liquid, except for p,, and all 
should be evaluated at T,,,. The coefficient C,, and the exponent n depend on the 
solid—fluid combination, and representative experimentally determined values are 
presented in Table 10.1. Values for other surface—fluid combinations may be obtained 
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TABLE 10.1 Values of C, - for various 
surface—fluid combinations [5—7 | 


Surface-Fluid Combination Cif n 


Water—copper 


Scored 0.0068 1.0 

Polished 0.0128 1.0 
Water-stainless steel 

Chemically etched 0.0133 1.0 

Mechanically polished 0.0132 1.0 

Ground and polished 0.0080 1.0 
Water-brass 0.0060 1.0 
Water-nickel 0.006 1.0 
Water-platinum 0.0130 1.0 
n-Pentane—copper 

Polished 0.0154 1.7 

Lapped 0.0049 1.7 
Benzene—chromium 0.0101 A? 
Ethyl alcohol—-chromium 0.0027 1.7 


from the literature [6-8]. Values of the surface tension and the latent heat of vaporization 
of water are presented in Table A.6 and for selected fluids in Table A.5. Values for addi- 
tional fluids may be obtained from any recent edition of the Handbook of Chemistry and 
Physics. If Equation 10.5 is rewritten in terms of a Nusselt number based on an arbitrary 
length scale L, it will be in the form Nu, « Ja? Pr'~*" Bo'”. Comparing with Equation 
10.2b, we see that only the first dimensionless parameter does not appear. If the Nusselt 
number is based on the characteristic bubble diameter given in Equation 10.4a, the 
expression reduces to the simpler form Nup, & ja re, 

The Rohsenow correlation applies only for clean surfaces. When it is used to estimate 
the heat flux, errors can amount to +100%. However, since AT, « (q"")'”, this error is 
reduced by a factor of 3 when the expression is used to estimate AT, from knowledge of 
Also, since qi’ « Nie and h,, decreases with increasing saturation pressure (temperature), 
the nucleate boiling heat flux will increase as the liquid is pressurized. 


10.4.2 Critical Heat Flux for Nucleate Pool Boiling 


We recognize that the critical heat flux, g/¢ = qjax. fepresents an important point on the 
boiling curve. We may wish to operate a boiling process close to this point, but we appreci- 
ate the danger of dissipating heat in excess of this amount. Kutateladze [9], through dimen- 
sional analysis, and Zuber [10], through a hydrodynamic stability analysis, obtained an 
expression which can be approximated as 


rete 00 | ne 


Fie = Ore] 2 

Po 
which is independent of surface material and is weakly dependent upon the heated surface 
geometry through the leading constant, C. For large horizontal cylinders, for spheres, and 
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for many large finite heated surfaces, use of a leading constant with the value C = 77/24 ~ 
0.131 (the Zuber constant) agrees with experimental data to within 16% [11]. For large 
horizontal plates, a value of C = 0.149 gives better agreement with experimental data. 
The properties in Equation 10.6 are evaluated at the saturation temperature. Equation 10.6 
applies when the characteristic length of the heater surface, L, is large relative to the bub- 
ble diameter, D,. However, when the heater is small, such that the Confinement number, 
Co = Vol(g[p; — p,|)/L = Bo ' [12], is greater than approximately 0.2, a correction 
factor must be applied to account for the small size of the heater. Lienhard [11] reports 
correction factors for various geometries, including horizontal plates, cylinders, spheres, 
and vertically and horizontally oriented ribbons. 

It is important to note that the critical heat flux depends strongly on pressure, 
mainly through the pressure dependence of surface tension and the heat of vaporization. 
Cichelli and Bonilla [13] have experimentally demonstrated that the peak flux increases 
with pressure up to one-third of the critical pressure, after which it falls to zero at the 
critical pressure. 


10.4.3 Minimum Heat Flux 


The transition boiling regime is of little practical interest, as it may be obtained only by 
controlling the surface temperature. While no adequate theory has been developed for this 
regime, conditions can be characterized by periodic, unstable contact between the liquid and 
the heated surface. However, the upper limit of this regime is of interest because it corre- 
sponds to formation of a stable vapor blanket or film and to a minimum heat flux condition. 
If the heat flux drops below this minimum, the film will collapse, causing the surface to cool 
and nucleate boiling to be reestablished. 

Zuber [10] used stability theory to derive the following expression for the minimum 
heat flux, q!.p = hin from a large horizontal plate. 


= 1/4 
se 6) aan 


Ginn = Cpyhy, 

wL (e+ po) 
where the properties are evaluated at the saturation temperature. The constant, C = 0.09, 
has been experimentally determined by Berenson [14]. This result is accurate to approxi- 
mately 50% for most fluids at moderate pressures but provides poorer estimates at higher 
pressures [15]. A similar result has been obtained for horizontal cylinders [16]. 


10.4.4 Film Pool Boiling 


At excess temperatures beyond the Leidenfrost point, a continuous vapor film blankets the 
surface and there is no contact between the liquid phase and the surface. Because conditions 
in the stable vapor film bear a strong resemblance to those of laminar film condensation 
(Section 10.7), it is customary to base film boiling correlations on results obtained from con- 
densation theory. One such result, which applies to film boiling on a cylinder or sphere of 
diameter D, is of the form 


h.....D (P; — Py)hj,D* "4 
7 E Pi — Pudlye ie 


Nu _ '*conv 
cr v,k(T, — Tu) 


VU 
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The correlation constant C is 0.62 for horizontal cylinders [17] and 0.67 for spheres [11]. The 
corrected latent heat h;, accounts for the sensible energy required to maintain temperatures 
within the vapor blanket above the saturation temperature. Although it may be approximated 
as hj, = hy + 0.80c,.(T, — Tia), it is known to depend weakly on the Prandtl number of the 
vapor [18]. Vapor properties are evaluated at the system pressure and the film temperature, 
T; = (T, + Ty)/2, whereas p, and h,, are evaluated at the saturation temperature. 

At elevated surface temperatures (7, = 300°C), radiation heat transfer across the 
vapor film becomes significant. Since radiation acts to increase the film thickness, it is 
not reasonable to assume that the radiative and convective processes are simply additive. 
Bromley [17] investigated film boiling from the outer surface of horizontal tubes and 
suggested calculating the total heat transfer coefficient from a transcendental equation of 
the form 


GS Nagle (10.9) 
If Diag < Agony» @ Simpler form may be used: 
h = Wang + A Tews (10.10) 


The effective radiation coefficient h,,, is expressed as 


= eo(T* — Ti, 
ee 10.11 
rad T, _ rs ( ) 


where é is the emissivity of the solid (Table A.11) and a is the Stefan—Boltzmann constant. 

Note that the analogy between film boiling and film condensation does not hold for 
small surfaces with high curvature because of the large disparity between vapor and liquid 
film thicknesses for the two processes. The analogy is also questionable for a vertical sur- 
face, although satisfactory predictions have been obtained for limited conditions. 


10.4.5 Parametric Effects on Pool Boiling 


In this section we briefly consider other parameters that can affect pool boiling, confining 
our attention to the gravitational field, liquid subcooling, and solid surface conditions. 

The influence of the gravitational field on boiling must be considered in applications 
involving space travel and rotating machinery. This influence is evident from appearance 
of the gravitational acceleration g in the foregoing expressions. Siegel [19], in his review of 
low gravity effects, confirms that the g'* dependence in Equations 10.6, 10.7, and 10.8 (for 
the maximum and minimum heat fluxes and for film boiling) is correct for values of g as 
low as 0.10 m/s”. For nucleate boiling, however, evidence indicates that the heat flux is 
nearly independent of gravity, which is in contrast to the g'’” dependence of Equation 10.5. 
Above-normal gravitational forces show similar effects, although near the ONB, gravity 
can influence bubble-induced convection. 

If liquid in a pool boiling system is maintained at a temperature that is less than the sat- 
uration temperature, the liquid is said to be subcooled, where AT,,, = T,4 — T;. In the 
natural convection regime, the heat flux increases typically as (T, — 7)” or (AT, + AT,,,)’, 
where 5/4 =n = 4/3 depending on the geometry of the heated surface. In contrast, for 
nucleate boiling, the influence of subcooling is considered to be negligible, although the 
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FicurE 10.6 Formation of nucleation sites. (a) Wetted 
cavity with no trapped vapor. (6) Reentrant cavity with trapped 
vapor. (c) Enlarged profile of a roughened surface. 


maximum and minimum heat fluxes, g/,,, and gij,, are known to increase linearly with 


AT,» For film boiling, the heat flux increases strongly with increasing AT,,, 

The influence of surface roughness (by machining, grooving, scoring, or sandblasting) 
on the maximum and minimum heat fluxes and on film boiling is negligible. However, as 
demonstrated by Berenson [20], increased surface roughness can cause a large increase in 
heat flux for the nucleate boiling regime. As Figure 10.6 illustrates, a roughened surface 
has numerous cavities that serve to trap vapor, providing more and larger sites for bubble 
growth. It follows that the nucleation site density for a rough surface can be substantially 
larger than that for a smooth surface. However, under prolonged boiling, the effects of sur- 
face roughness generally diminish, indicating that the new, large sites created by roughen- 
ing are not stable sources of vapor entrapment. 

Special surface arrangements that provide stable augmentation (enhancement) of 
nucleate boiling are available commercially and have been reviewed by Webb [21]. 
Enhancement surfaces are of two types: (1) coatings of very porous material formed by 
sintering, brazing, flame spraying, electrolytic deposition, or foaming, and (2) mechani- 
cally machined or formed double-reentrant cavities to ensure continuous vapor trapping 
(see Figure 10.7). Such surfaces provide for continuous renewal of vapor at the nucleation 
sites and heat transfer augmentation by more than an order of magnitude. Active augmen- 
tation techniques, such as surface wiping-rotation, surface vibration, fluid vibration, and 
electrostatic fields, have also been reviewed by Bergles [22, 23]. However, because such 
techniques complicate the boiling system and, in many instances, impair reliability, they 
have found little practical application. 


FicurE 10.7 Typical structured enhancement surfaces for augmentation of nucleate boiling. 


(a) Sintered metallic coating. (b) Mechanically formed double-reentrant cavity. 
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EXAMPLE 10.1 
(= —— es 


The bottom of a copper pan, 0.3 m in diameter, is maintained at 118°C by an electric heater. 
Estimate the power required to boil water in this pan. What is the evaporation rate? Estimate 
the critical heat flux. 


SOLUTION 


Known: Water boiling in a copper pan of prescribed surface temperature. 


Find: 
1. Power required by electric heater to cause boiling. 
2. Rate of water evaporation due to boiling. 
3. Critical heat flux corresponding to the burnout point. 


Schematic: 
Water-filled copper\-= 
pan,D=0.30m _ \ T,= 118°C 
Electrical heater] | | | | | | [4 |] | | 
q, electrical power 
input or heat transfer 
Assumptions: 


1. Steady-state conditions. 
. Water exposed to standard atmospheric pressure, 1.01 bar. 
. Water at uniform temperature T,,, = 100°C. 


. Large pan bottom surface of polished copper. 


nk WwW NY 


. Negligible losses from heater to surroundings. 


Properties: Table A.6, saturated water, liquid (100°C): p, = 1/v;= 957.9 kg/m, Cee 


Cy p= 4.217 kKI/kg Ky fy = pp = 279 X 10° N+ sim’, Pr, = Pr; = 1.76, hg = 2257 kJ/kg, 
o = 58.9 X 10-* Nim. Table A.6, saturated water, vapor (100°C): p, = 1/v, = 0.5956 kg/m’. 


Analysis: 
1. From knowledge of the saturation temperature T,,, of water boiling at 1 atm and the 
temperature of the heated copper surface T,, the excess temperature AT, is 
AT, = T, — Ta = 118°C — 100°C = 18°C 


According to the boiling curve of Figure 10.4, nucleate pool boiling will occur and the 
recommended correlation for estimating the heat transfer rate per unit area of plate sur- 
face is given by Equation 10.5. 


a = m h E _ eo |" Cpl AT, . 
so PL fs n 
“L, Cy, p he Pri 


KY 
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The values of C, ; and n corresponding to the polished copper surface—water combina- 
tion are determined from the experimental results of Table 10.1, where C, ¢ = 0.0128 
and n = 1.0. Substituting numerical values, the boiling heat flux is 


qd. = 279 X 10°° NN s/m? X 2257 X 103 J/kg 
. E m/s? (957.9 — 0.5956) sl 


58.9 x 10° 3>N/m 


( 4.217 X 10° J/kg-K X 18°C 


3 
= 836 kW/m? 
0.0128 X 2257 x 10° J/kg X —) 


Hence the boiling heat transfer rate is 


2 
qs= 4s X A=qy X a 
(0.30 m)? 


q, = 8.36 X 10° W/m? X i 


= 59.1 kW <J 


2. Under steady-state conditions all heat addition to the pan will result in water evapora- 
tion from the pan. Hence 


ds = Myre 


where m, is the rate at which water evaporates from the free surface to the room. 
It follows that 


gq; _ 5.91 10°W 
hy, 2257 X 10° J/kg 


m, = 


= 0.0262 kg/s = 94 kg/h <J 


3. The critical heat flux for nucleate pool boiling can be estimated from Equation 10.6: 


= 1/4 
hax = 0.149, | eae | 


Uv 


Substituting the appropriate numerical values, 


Prax = 0.149 X 2257 X 10° J/kg X 0.5956 kg/m? 


. E x 1073 N/m X 9.8 m/s? (957.9 — 0.5956) kam" 


(0.5956 kg/m*)? 
Qrax = 1.26 MW/m? <J 
Comments: 
1. Note that the critical heat flux q’,,, = 1.26 MW/m’ represents the maximum heat flux 


for boiling water at normal atmospheric pressure. Operation of the heater at 
gi = 0.836 MW/m’ is therefore below the critical condition. 


2. Using Equation 10.7, the minimum heat flux at the Leidenfrost point is q/j,= 
18.9 kW/m”. Note from Figure 10.4 that, for this condition, AT, ~ 120°C. 
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EXAMPLE 10.2 


A metal-clad heating element of 6-mm diameter and emissivity ¢ = 1 is horizontally 
immersed in a water bath. The surface temperature of the metal is 255°C under steady-state 
boiling conditions. Estimate the power dissipation per unit length of the heater. 


SOLUTION 


Known: Boiling from outer surface of horizontal cylinder in water. 


Find: Power dissipation per unit length for the cylinder, gj. 


Schematic: 
Ambient air 
p=latm 
= —D=6mm 
Assumptions: 


1. Steady-state conditions. 


2. Water exposed to standard atmospheric pressure and at uniform temperature T,,,. 


Properties: Table A.6, saturated water, liquid (100°C): p, = 1/v,;= 957.9 kg/m", 
hy, = 2257 kJ/kg. Table A.4, water vapor at atmospheric pressure (T; ~ 450 K): p, = 0.4902 
kg/m’, c,, = 1.980 kI/kg-K, k, = 0.0299 W/m-K, ju, = 15.25 X 10-° N-s/m’. 


Analysis: The excess temperature is 
AT, = T, — Ta, = 255°C — 100°C = 155°C 


According to the boiling curve of Figure 10.4, film pool boiling conditions are achieved, in 
which case heat transfer is due to both convection and radiation. The heat transfer rate fol- 
lows from Equation 10.3, written on a per unit length basis for a cylindrical surface of 
diameter D: 


g.= gi 7D = hnD AT, 


The heat transfer coefficient h is calculated from Equation 10.9, 


4/3 _ 74/3 
h ~ Peony 


ate Renal” 
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where the convection and radiation heat transfer coefficients follow from Equations 10.8 
and 10.11, respectively. For the convection coefficient: 


KPC Pi — P(g + O.8¢),» AT) ]4 
MyD AT, 


Reony = 0.62 


Neony = 0.62 


ye joo W/m: K)° x 0.4902 kg/m? (957.9 — 0.4902) kg/m? x 9.8 m/s” 
I 


(2257 X 103 J/kg + 0.8 X 1.98 X 10° J/kg+K X sre 
15.25 X 10°°N-s/m? X 6 X 10°37 m X 155°C 


Neon = 238 W/m? + K 
For the radiation heat transfer coefficient: 


rs eo(T? — die 
rad | oe b 


s sat 


— 5.67 X 10-* W/m’: K* (5284 — 373")K* 


h, = 21.3 Wim?-K 
me (528 — 373)K ec 


Solving Equation 10.9 by trial and error, 
h*? = 2387 + 21.31" 
it follows that 
h = 254.1 W/m? -K 
Hence the heat transfer rate per unit length of heater element is 


q, = 254.1 Wim?+K X 7 X 6 X 10°* m X 155°C = 742 W/m < 


Comments: Equation 10.10 is appropriate for estimating h; it provides a value of 
254.0 W/m?:K. 


10.5. Forced Convection Boiling 


In pool boiling, fluid flow is due primarily to the buoyancy-driven motion of bubbles originat- 
ing from the heated surface. In contrast, for forced convection boiling, flow is due to a 
directed (bulk) motion of the fluid, as well as to buoyancy effects. Conditions depend strongly 
on geometry, which may involve external flow over heated plates and cylinders or internal 
(duct) flow. Internal, forced convection boiling is commonly referred to as two-phase flow 
and is characterized by rapid changes from liquid to vapor in the flow direction. 
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10.5.1 External Forced Convection Boiling 


For external flow over a heated plate, the heat flux can be estimated by standard forced con- 
vection correlations up to the inception of boiling. As the temperature of the heated plate is 
increased, nucleate boiling will occur, causing the heat flux to increase. If vapor generation 
is not extensive and the liquid is subcooled, Bergles and Rohsenow [24] suggest a method 
for estimating the total heat flux in terms of components associated with pure forced con- 
vection and pool boiling. 

Both forced convection and subcooling are known to increase the critical heat flux 
Qoax for nucleate boiling. Experimental values as high as 35 MW/m? (compared with 
1.3 MW/m? for pool boiling of water at 1 atm) have been reported [25]. For a liquid of 
velocity V moving in cross flow over a cylinder of diameter D, Lienhard and Eichhorn [26] 
have developed the following expressions for low- and high-velocity flows, where proper- 
ties are evaluated at the saturation temperature. 


Low Velocity: 


Tmax 1 4 Me 
= 14 10.12 
PulygV "| (A: 


High Velocity: 


dincx _ (PP) | (pilp,)'” (10.13) 
PoliV 1697 19.24 Well3 . 


The Weber number We, is the ratio of inertia to surface tension forces and has the form 


pyV°D 


Wep=~— 


(10.14) 
The high- and low-velocity regions, respectively, are determined by whether the heat flux 
parameter q',../PyMj,V is less than or greater than [(0.275/7) (p;/p,)'” + 1]. In most cases, 
Equations 10.12 and 10.13 correlate g/,,, data within 20%. 


10.5.2 Two-Phase Flow 


Internal forced convection boiling is associated with bubble formation at the inner surface 
of a heated tube through which a liquid is flowing. Bubble growth and separation are 
strongly influenced by the flow velocity, and hydrodynamic effects differ significantly from 
those corresponding to pool boiling. The process is accompanied by the existence of a vari- 
ety of two-phase flow patterns. 

Consider flow development in a vertical tube that is subjected to a constant surface 
heat flux, through which fluid is moving in the upward direction, as shown in Figure 10.8. 
Heat transfer to the subcooled liquid that enters the tube is initially by single-phase forced 
convection and may be predicted using the correlations of Chapter 8. Farther down the tube, 
the wall temperature exceeds the saturation temperature of the liquid, and vaporization is 
initiated in the subcooled flow boiling region. This region is characterized by large radial 
temperature gradients, with bubbles forming adjacent to the heated wall and subcooled 
liquid flowing near the center of the tube. The thickness of the bubble region increases 


10.5 = Forced Convection Boiling 637 


Liquid 


igi nea 
droplets _ 


Vapor -fil- _ _ Vapor forced -_ = 
convection 


Liquid 
film 
<——— Annular 
Vapor 
core | Saturated a 
flow boiling * 
Vapor 
slug <——— Slug 
Core 1) 
bubbles ii a Sail 
a9 | 
to) 
Wall Lp ae Subcooled = 
bubbles hi flow boiling 
Liquid _ _ Liquid forced 


; <— : 
convection 


ae 


f 


Ficure 10.8 Flow regimes for forced convection boiling in a tube. 


farther downstream, and eventually, the core of the liquid reaches the saturation temperature 
of the fluid. Bubbles can then exist at any radial location, and the time-averaged mass frac- 
tion of vapor in the fluid,' X, exceeds zero at any radial location. This marks the beginning 
of the saturated flow boiling region. Within the saturated flow boiling region, the mean 
vapor mass fraction defined as 


| , pu(r,x)XdA, 


m 


X= 


increases and, due to the large density difference between the vapor and liquid phases, the 
mean velocity of the fluid, u,,, increases substantially. 

The first stage of the saturated flow boiling region corresponds to the bubbly flow regime. 
As X increases further, individual bubbles coalesce to form slugs of vapor. This s/ug-flow 
regime is followed by an annular-flow regime in which the liquid forms a film on the tube 
wall. This film moves along the inner surface of the tube, while vapor moves at a larger 
velocity through the core of the tube. Dry spots eventually appear on the inner surface of the 


'This term is often referred to as the quality of a two-phase fluid. 
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tube and grow in size within a transition regime. Eventually, the entire tube surface is com- 
pletely dry, and all remaining liquid is in the form of droplets that travel at high velocity 
within the core of the tube in the mist regime. After the droplets are completely vaporized, 
the fluid consists of superheated vapor in a second single-phase forced convection region. The 
increase in the vapor fraction along the tube length, along with the large difference in the den- 
sities of the liquid and vapor phases, increases the mean velocity of the fluid by several orders 
of magnitude between the first and the second single-phase forced convection regions. 

The local heat transfer coefficient varies significantly as X and u,, decrease and 
increase, respectively, along the length of the tube, x. In general, the heat transfer coefficient 
can increase by approximately an order of magnitude through the subcooled flow boiling 
region. Heat transfer coefficients are further increased in the early stages of the saturated 
flow boiling region. Conditions become more complex deeper in the saturated flow boiling 
region since the convection coefficient, defined in Equation 10.3, either increases or 
decreases with increasing X, depending on the fluid and tube wall material. Typically, the 
smallest convection coefficients exist in the second (vapor) forced convection region owing 
to the low thermal conductivity of the vapor relative to that of the liquid. 

The following correlation has been developed for the saturated flow boiling region in 
smooth circular tubes [27, 28]: 


Ah _ 9,6683( 2)" 046 1 — 3H) peRY) + 1058( 2)” (1 — ¥)°8G,, (10.15a) 
Hes : Pov n sf . 


or 


h_ A \°* corn __ 30.08 ee a 0.8 
A= 1.136{ 5} XC — Xf (Fr) + 667.2{ - (1—X)"G,, (10.15b) 


sp 


0<X<0.8 


where m” = m/A, is the mass flow rate per unit cross-sectional area. In utilizing Equation 
10.15, the larger value of the heat transfer coefficient, h, should be used. In this expression, 
the liquid phase Froude number is Fr = (m'/p,’/gD and the coefficient G, , depends on the 
surface—fluid combination, with representative values given in Table 10.2. Equation 10.15 
applies for horizontal as well as vertical tubes, where the stratification parameter, f(FT), 
accounts for stratification of the liquid and vapor phases that may occur for horizontal tubes. 
Its value is unity for vertical tubes and for horizontal tubes with Fr = 0.04. For horizontal 
tubes with Fr < 0.04, f(Fr) = 2.63 Fr°?. All properties are evaluated at the saturation tem- 
perature, T,,,. The single-phase convection coefficient, h,,, is associated with the liquid 
forced convection region of Figure 10.8 and is obtained from Equation 8.62 with properties 
evaluated at T,,,. Because Equation 8.62 is for turbulent flow, it is recommended that 
Equation 10.15 not be applied to situations where the liquid single-phase convection is lami- 
nar. Equation 10.15 is applicable when the channel dimension is large relative to the bubble 
diameter, that is, for Confinement numbers, Co = Vol(glp, — p,])/D, = 1/2 [3]. 

In order to use Equation 10.15, the mean vapor mass fraction, X, must be known. For 
negligible changes in the fluid’s kinetic and potential energy as well as negligible work, 
Equation 1.12d may be rearranged to yield 


(10.16) 
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TABLE 10.2 Values of G, for various 
surface—fluid combinations [27, 28] 


Fluid in Commercial Copper Tubing G,,5 


Kerosene 0.488 
Refrigerant R-134a 1.63 
Refrigerant R-152a 1.10 
Water 1.00 


For stainless steel tubing, use G,; = 1. 


where the origin of the x-coordinate, x = 0, corresponds to the axial location where X begins 
to exceed zero, and the change in enthalpy, u, + pu, is equal to the change in X multiplied by 
the enthalpy of vaporization, hy. 

Correlations for the subcooled flow boiling region and annular as well as mist regimes 
are available in the literature [28]. For constant heat flux conditions, critical heat fluxes 
may occur in the subcooled flow boiling region, in the saturated flow boiling region where 
X is large, or in the vapor forced convection region. Critical heat flux conditions may lead 
to melting of the tube material in extreme conditions [29]. Additional discussions of flow 
boiling are available in the literature [7, 30-33]. Extensive databases consisting of thou- 
sands of experimentally measured values of the critical heat flux for wide ranges of operat- 
ing conditions are also available [34, 35]. 


10.5.3 Two-Phase Flow in Microchannels 


Two-phase microchannels feature forced convection boiling of a liquid through circular or 
noncircular tubes having hydraulic diameters ranging from 10 to 1000 wm, resulting in 
extremely high heat transfer rates [36, 37]. In these situations, the characteristic bubble size 
can occupy a significant fraction of the tube diameter and the Confinement number can 
become very large (Co = 1/2). Hence, different types of flow regimes exist, including 
regimes where the bubbles occupy nearly the full diameter of the heated tube [38]. This can 
lead to a dramatic increase in the convection coefficient, 4, corresponding to the peak in 
Figure 10.8. Thereafter, h decreases with increasing x as it does in Figure 10.8. Equation 
10.15 cannot be used to predict correct values of the heat transfer coefficient and does not 
even predict correct trends for microchannel flow boiling cases. Recourse must be made to 
more sophisticated modeling [36, 39]. 


10.6 Condensation: Physical Mechanisms 


Condensation occurs when the temperature of a vapor is reduced below its saturation tem- 
perature. In industrial equipment, the process commonly results from contact between the 
vapor and a cool surface (Figures 10.9a, b). The latent energy of the vapor is released, heat 
is transferred to the surface, and the condensate is formed. Other common modes are homo- 
geneous condensation (Figure 10.9c), where vapor condenses out as droplets suspended in 
a gas phase to form a fog, and direct contact condensation (Figure 10.9d), which occurs 
when vapor is brought into contact with a cold liquid. In this chapter we will consider only 
surface condensation. 
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Vapor 


Liquid spray 


Droplets 


(d) 
Ficure 10.9 Modes of condensation. (a) Film. (b) Dropwise condensation on a surface. 


(c) Homogeneous condensation or fog formation resulting from increased pressure due to 
expansion. (d) Direct contact condensation. 


As shown in Figures 10.9a, b, condensation may occur in one of two ways, depending 
on the condition of the surface. The dominant form of condensation is one in which a liquid 
film covers the entire condensing surface, and under the action of gravity the film flows 
continuously from the surface. Film condensation is generally characteristic of clean, 
uncontaminated surfaces. However, if the surface is coated with a substance that inhibits 
wetting, it is possible to maintain dropwise condensation. The drops form in cracks, pits, 
and cavities on the surface and may grow and coalesce through continued condensation. 
Typically, more than 90% of the surface is covered by drops, ranging from a few microme- 
ters in diameter to agglomerations visible to the naked eye. The droplets flow from the sur- 
face due to the action of gravity. Film and dropwise condensation of steam on a vertical 
copper surface are shown in Figure 10.10. A thin coating of cupric oleate was applied to the 
left-hand portion of the surface to promote the dropwise condensation. A thermocouple 
probe of 1-mm diameter extends across the photograph. 

Regardless of whether it is in the form of a film or droplets, the condensate provides a 
resistance to heat transfer between the vapor and the surface. Because this resistance 
increases with condensate thickness, which increases in the flow direction, it is desirable to 
use short vertical surfaces or horizontal cylinders in situations involving film condensation. 
Most condensers therefore consist of horizontal tube bundles through which a liquid coolant 
flows and around which the vapor to be condensed is circulated. In terms of maintaining 
high condensation and heat transfer rates, droplet formation is superior to film formation. 
In dropwise condensation most of the heat transfer is through drops of less than 100-um 
diameter, and transfer rates that are more than an order of magnitude larger than those asso- 
ciated with film condensation may be achieved. It is therefore common practice to use 
surface coatings that inhibit wetting, and hence stimulate dropwise condensation. Silicones, 
Teflon, and an assortment of waxes and fatty acids are often used for this purpose. 
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Ficure 10.10 Condensation on a vertical surface. (a) Dropwise. (b) Film. (Photograph 
courtesy of Professor J. W. Westwater, University of Illinois at Champaign-Urbana.) 


However, such coatings gradually lose their effectiveness due to oxidation, fouling, or out- 
right removal, and film condensation eventually occurs. 

Although it is desirable to achieve dropwise condensation in industrial applications, it 
is often difficult to maintain this condition. For this reason and because the convection 
coefficients for film condensation are smaller than those for the dropwise case, condenser 
design calculations are often based on the assumption of film condensation. In the remain- 
ing sections of this chapter, we focus on film condensation and mention only briefly results 
available for dropwise condensation. 


10.7 Laminar Film Condensation on a Vertical Plate 


As shown in Figure 10.11a, there may be several complicating features associated with 
film condensation. The film originates at the top of the plate and flows downward under the 
influence of gravity. The thickness 6 and the condensate mass flow rate m increase with 
increasing x because of continuous condensation at the liquid—vapor interface, which is at 
T. There is then heat transfer from this interface through the film to the surface, which is 
maintained at T, < T,,,. In the most general case the vapor may be superheated (7, ... > Ty.) 
and may be part of a mixture containing one or more noncondensable gases. Moreover, 
there exists a finite shear stress at the liquid—vapor interface, contributing to a velocity gra- 
dient in the vapor, as well as in the film [40, 41]. 

Despite the complexities associated with film condensation, useful results may be 
obtained by making assumptions that originated with an analysis by Nusselt [42]. 


1. Laminar flow and constant properties are assumed for the liquid film. 

2. The gas is assumed to be a pure vapor and at a uniform temperature equal to 7,,,. With 
no temperature gradient in the vapor, heat transfer to the liquid—vapor interface can 
occur only by condensation at the interface and not by conduction from the vapor. 

3. The shear stress at the liquid—vapor interface is assumed to be negligible, in which case 
duldy y=» = 0. With this assumption and the foregoing assumption of a uniform vapor 
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Ficure 10.11 Boundary layer effects related to film condensation on a vertical surface. 
(a) Without approximation. (b) With assumptions associated with Nusselt’s analysis, for a 
vertical plate of width b. 


temperature, there is no need to consider the vapor velocity or thermal boundary layers 
shown in Figure 10.1 1a. 


4. Momentum and energy transfer by advection in the condensate film are assumed to be 
negligible. This assumption is reasonable by virtue of the low velocities associated 
with the film. It follows that heat transfer across the film occurs only by conduction, in 
which case the liquid temperature distribution is linear. 


Film conditions resulting from the assumptions are shown in Figure 10.11b. 

The x-momentum equation for the film can be found from Equation 9.1, with p = p, and 
v = p, for the liquid, and with the sign of the gravity term changed since x is now in the direc- 
tion of gravity. The pressure gradient is obtained from Equation 9.2 and is dp../dx = +p,g, 
since the free stream density is the vapor density. From the fourth approximation, momentum 
advection terms may be neglected, and the x-momentum equation may be expressed as 


ou 


ay 


=—E(61- 6) (10.17) 


Integrating twice and applying boundary conditions of the form u(0) = 0 and duldy\,—5 = 0, 
the velocity profile in the film becomes 


= 52 vi] 
u(y) = St a E 1(2) | (10.18) 
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From this result the condensate mass flow rate per unit width I(x) may be obtained in terms 
of an integral involving the velocity profile: 


me) 


5(x) 
i | ' piu(y) dy = P(x) (10.19) 


Substituting from Equation 10.18, it follows that 


_ BPA P= yd 


To) i 
1 


(10.20) 


The specific variation with x of 6, and hence of I’, may be obtained by first applying the 
conservation of energy requirement to the differential element shown in Figure 10.11b. At a 
portion of the liquid—vapor interface of unit width and length dx, the rate of heat transfer into 
the film, dg, must equal the rate of energy release due to condensation at the interface. 
Hence 


dq = Ny, din (10.21) 


Since advection is neglected, it also follows that the rate of heat transfer across the inter- 
face must equal the rate of heat transfer to the surface. Hence 


dq = qi(b + dx) (10.22) 


Since the liquid temperature distribution is linear, Fourier’s law may be used to express the 
surface heat flux as 


10.2 
qs 5 (10.23) 


Combining Equations 10.19 and 10.21 through 10.23, we then obtain 


dv _ KT eat ~— T,) 
dx Shy, 


(10.24) 


Differentiating Equation 10.20, we also obtain 


dV _ gpi(pr— pd dd 
dx BM dx 


(10.25) 


Combining Equations 10.24 and 10.25, it follows that 


- Ki pi(T sar — T;) 


8°d6 = 
8Pi( Pi — Prhye 


Integrating from x = 0, where 6 = 0, to any x-location of interest on the surface, 


= 1/4 
oe Eee re ‘ines 


8P1(P1 — Pr) Mf 


This result may then be substituted into Equation 10.20 to obtain I(x). 
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An improvement to the foregoing result for d(x) was made by Nusselt [42] and 
Rohsenow [43], who showed that, with the inclusion of thermal advection effects, a term is 
added to the latent heat of vaporization. In lieu of h;,, Rohsenow recommended using a 
modified latent heat of the form Nip = hy, + 0.68c, (T. — T;), or in terms of the Jakob 
number, 


hi, = Iy(1 + 0.68 Ja) (10.27) 


More recently, Sadasivan and Lienhard [18] have shown that the modified latent heat 
depends weakly on the Prandtl number of the liquid. 
The surface heat flux may be expressed as 


qs = h(Tsax — Ts) (10.28) 
Substituting from Equation 10.23, the local convection coefficient is then 


=a 


h, 5 (10.29) 
or, from Equation 10.26, with h;, replaced by h;,, 
_ [| seer — prdki hy, | 4 Aga 
: 4ui(T sat = Tx , 


—1/4 


Since h, depends on x “", it follows that the average convection coefficient for the entire 


plate is 
= of 4 
hy, = ah h,.dx = git 
or 
7 pil p) — me 4 
h, = 0.943] —————_—_— (10.31) 
‘ HiT — TL 
The average Nusselt number then has the form 
aoe. Aye E& = a 
Nim === = 0243) SS (10.32) 
a: pik To — T,) 


In using this equation in conjunction with Equation 10.27, all liquid properties should be 
evaluated at the film temperature T; = (T,,, + T,)/2. The vapor density p, and latent heat of 
vaporization h,, should be evaluated at T,,.. 

A more detailed boundary layer analysis of film condensation on a vertical plate has 
been performed by Sparrow and Gregg [40]. Their results, confirmed by Chen [44], indicate 
that errors associated with using Equation 10.32 are less than 3% for Ja =0.1 and 
1 = Pr = 100. Dhir and Lienhard [45] have also shown that Equation 10.32 may be used 
for inclined plates, if g is replaced by g-cos 6, where 6 is the angle between the vertical 
and the surface. However, it must be used with caution for large values of 6 and does not 
apply if @ = 7/2. The expression may be used for condensation on the inner or outer surface 
of a vertical tube of radius R, if R > 6. 
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The total heat transfer to the surface may be obtained by using Equation 10.31 with the 
following form of Newton’s law of cooling: 


G—-hAC sy — 1.) (10.33) 
The total condensation rate may then be determined from the relation 


a een hy A(T = i) 
m = , = t 
Ng Nj 


(10.34) 


Equations 10.33 and 10.34 are generally applicable to any surface geometry, although the 
form of h, will vary according to geometry and flow conditions. 


10.8 Turbulent Film Condensation 


As for all previously discussed convection phenomena, turbulent flow conditions may exist 
in film condensation. Consider the vertical surface of Figure 10.12a. The transition crite- 
rion may be expressed in terms of a Reynolds number defined as 


Al’ 
Re; = 7 (10.35) 
With the condensate mass flow rate given by m = pu,,b6, the Reynolds number may be 


expressed as 


= 4m _ Apu, 
[yb Mi 


Re; (10.36) 


where u,, is the average velocity in the film and 6, the film thickness, is the characteristic 
length. As in the case of single-phase boundary layers, the Reynolds number is an indicator 
of flow conditions. As shown in Figure 10.12b, for Res = 30, the film is laminar and wave 
free. For increased Res, ripples or waves form on the condensate film, and at Res ~ 1800 
the transition from laminar to turbulent flow is complete. 


Laminar, 
wave-free 
Res ~ 30 
Laminar, 
wavy 


Res ~ 1800 


Turbulent 


(b) 


Ficure 10.12 Film condensation on 
a vertical plate. (2) Condensate rate for 


T(x) = Pj MyyO() 


(a) plate of width b. (b) Flow regimes. 
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For the wave-free laminar regime (Res S 30), Equations 10.35 and 10.20 may be com- 
bined to yield 
_ 4gpi(Pr— Pr)d° 
3; 


Assuming p; > p,, Equations 10.26, 10.31, and 10.37 may be combined to provide an 
expression for an average modified Nusselt number associated with condensation in the 
wave-free laminar regime: 


Res (10.37) 


Nu, 


— _ h,(%jlg)'? 
= a = = 1.47 Res Re; = 30 (10.38) 


1 


where the average heat transfer coefficient h, is associated with condensation over the 
entire plate. When the flow at the bottom of the plate is in the laminar, wavy regime, 
Kutateladze [46] recommends a correlation of the form 


Ny, = etvile)"” Res 
ae a 
a k; 1.08 Reb? — 5.2 


30 S Res [1800 = (10.39) 
and when the flow at the bottom of the plate is in the turbulent regime, Labuntsov [47] 


recommends 


= gles Res 
Nu, = k — -0.57 0.15 _ 
1 8750 + 58 Pr, -°(Re; 2)5)3))) 


Re; 2 1800, Pr; = 1 (10.40) 


Graphical representation of the foregoing correlations is provided in Figure 10.13, and the 
trends have been verified experimentally by Gregorig et al. [48] for water over the range 
1 < Res < 7200. All properties are evaluated as for laminar film condensation, as explained 
beneath Equation 10.32. 

The Reynolds number in Equations 10.38 through 10.40 is associated with the film 
thickness 6 that exists at the bottom of the condensing surface, x = L. If 6 is unknown, it is 


Equation 10.39 


Equation 10.40 


Turbulent > 


“10 30 100 1000 1800 10,000 
Res 


Ficure 10.13 Modified Nusselt number for condensation on a vertical plate. 
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preferable to rewrite these equations in a form that eliminates Re;. To do so, Equations 10.34 
and 10.36 may be combined with the definition of the average Nusselt number to provide 
hyvilg)” 


Re; = 4P ; = 4P Nu, (10.41) 
1 


where the dimensionless parameter P is 
_ kK L(Dyat = T;) 
pihz (vile) 


Substituting Equation 10.41 into Equations 10.38, 10.39, and 10.40, we can solve for the 
average Nusselt numbers in terms of P to yield 


(10.42) 


— h 2 1/3 

we mee — 9,943 p-"4 P< 158 (10.43) 
1 

—_ h 2/ 1/3 

Nu, = we 6) > (0.68 P + 0.89)°? 15.8 = P< 2530 = (10.44) 
1 

We. = h,(jlg)'” 1 1/2 


Nu, = p [0.024 P =53)Pri* + 89)? P2530, Pr =1 (10.45) 


ki; 
Equation 10.43 is identical to Equation 10.32 with p; > py. 
For a particular problem, P may be determined from Equation 10.42, after which the 


average Nusselt number or average heat transfer coefficient may be found from Equation 
10.43, 10.44, or 10.45. 


EXAMPLE 10.3 

SSS ST) 

The outer surface of a vertical tube, which is 1 m long and has an outer diameter of 80 mm, 
is exposed to saturated steam at atmospheric pressure and is maintained at 50°C by the flow 
of cool water through the tube. What is the rate of heat transfer to the coolant, and what is 
the rate at which steam is condensed at the surface? 


SOLUTION 


Known: Dimensions and temperature of a vertical tube experiencing condensation of 
steam at its outer surface. 


Find: Heat transfer and condensation rates. 


Schematic: 
D=0.08m 


Condensate 

Saturated 
steam 

p=l1at 
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Assumptions: 
1. The condensate film thickness is small relative to the cylinder diameter. 


2. Negligible concentration of noncondensable gases in the steam. 


Properties: Table A.6, saturated vapor (p = 1.0133 bars): T,,, = 100°C, p, = 1/u, = 
0.596 kg/m’, hy = 2257 kJ/kg. Table A.6, saturated liquid (T;= 75°C): p, = I/v; = 975 kg/m’, 
My, = 375 X 10 °N+s/m?, k, = 0.668 W/m-K, Cy; = 4193 Ike-K, v= pey/p; = 385 X 
10°° m’/s. 


Analysis: Since we assume the film thickness is small relative to the cylinder diameter, 
we may use the correlations of Sections 10.7 and 10.8. With 


ofr | Arges 28 er | kg-K(100 — 50) K 
Ja = kes _ 4193 J/kg + K(100 — 50) 5G g886 
hye 2257 X 10° J/kg 


it follows that 


hj = hy(1 + 0.68 Ja) = 2257 kI/kg (1.0632) = 2400 kJ/kg 
From Equation 10.42, 


_ KL(Ts — Ts) 
phi vilg)'” 
0.668 W/m: K X 1 m X (100 — 50) K _ 
(385 * 107 mis)? |"" 
9.8 m/s? | 


1501 


375 X 10° N-s/m’ X 2.4 x 10° me] 


Therefore, Equation 10.44 applies: 


=e 


yw, —1 0.82 _ 
— (0. + 0.89 
Nu, (0.68 P + 0.89) 1501 


(0.68 X 1501 + 0.89)°* = 0.20 


Then 


— _ Nuk; _ 0.20 X 0.668 Wim: K 
(v;/g)'” E x or 


= 5300 W/m?:K 


9.8 m/s? 


and from Equations 10.33 and 10.34 


gq = hy(mDL)(T, — T,) = 5300 W/m? K X 7 X 0.08 m X 1 m (100 — 50) K = 66.6 kW <1 


_ 4 _ 66.6 X 10° W 
hy 2.4 X 10° J/kg 


= 0.0276 kg/s < 
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Note that using Equation 10.26, with the corrected latent heat, the film thickness at the 
bottom of the tube 6(L) for the wave-free laminar assumption is 


Ak, w(T.x — TL 4 
5(L) = 1b ( sat v 
SP(P1 — Pv) Af 


ae E X 0.668 W/m K X 375 X 10° kg/s-m (100 — 50) K X 1 =" 
9.8 m/s? X 975 kg/m? (975 — 0.596) kg/m? X 2.4 X 10° J/kg 


5(L) = 2.18 X 104m = 0.218 mm 
Hence 6(L) < (D/2), and use of the vertical plate correlation for a vertical cylinder is justified. 


Comments: 


1. The condensation heat and mass rates may be increased by increasing the length of the 
tube. For 1 = L = 2m, the calculations yield the variations shown below, for which 
1000 = Res = 2330 or 1500 = P = 3010. The foregoing calculations were performed 
by using the wavy-laminar correlation, Equation 10.44, for P = 2530 (L = 1.68 m) 
and Equation 10.45, for P > 2530 (L > 1.68 m). Note, however, that the correlations 
do not provide equivalent results at P = 2530. In particular, Equation 10.45 is a func- 
tion of Pr, whereas Equation 10.44 is not. 


1.5 x 10° 


1.2 x 10° 


9.0 x 10+ 
S g 
= oy 
: Bu = 

6.0 x 10+ < 1800] > 1800 

3.0 x 10* 


0.0 


2. If a noncondensable gas such as air is mixed with the steam, heat transfer and conden- 
sation rates can be reduced significantly. This is due to multiple effects [36]. For 
example, g and m can drop by 65% if the steam contains only 1% air by weight. Steam 
condensers that operate at subatmospheric pressure, such as those utilized in Rankine 
cycles, must be meticulously designed to prevent infiltration of air. 
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10.9 Film Condensation on Radial Systems 


The Nusselt analysis of Section 10.7 may be extended to laminar film condensation on the 
outer surface of a sphere or a horizontal tube (Figures 10.14a, b) and the average Nusselt 
number has the form 


Nip = (10.46) 
a k; Miki (Tat ~~ q;) 


where C = 0.826 for the sphere [49] and 0.729 for the tube [45]. The properties in this 
equation and in Equations 10.48 and 10.49 below are evaluated as explained beneath 
Equation 10.32. 

When a liquid—vapor interface is curved, such as those of Figure 10.14, pressure differ- 
ences are established across the interface by the effects of surface tension. This pressure 
difference is described by the Young—Laplace equation, which for a two-dimensional system 
may be written 


hpD _ o| Bate = ee | 


hp=2,- Pi= (10.47) 


where r, is the local radius of curvature of the liquid—vapor interface. If r, varies along 
the interface (and the vapor pressure p, is constant), the pressure on the liquid side of the 
interface is nonuniform, influencing the velocity distribution within the liquid and the heat 
transfer rate. For the unfinned tube of Figure 10.145, the interface curvature is relatively 
large, r. ~ D/2, except where the liquid sheet departs from the bottom of the tube. Hence 
P, ~ P, along nearly the entire liquid—vapor interface, and the surface tension does not 
influence the condensation rate. 


Ficure 10.14 Film condensation on 
(a) a sphere, (b) a single horizontal tube, 
(c) a vertical tier of horizontal tubes with a 
continuous condensate sheet, and (d) with 


dripping condensate. 
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Retained 
liquid 


[ e * 4 


FicureE 10.15 Condensation on a horizontal finned tube. 


Condensation on a tube with annular fins is shown in Figure 10.15. In this case, the sharp 
corners of the finned tube lead to large variations in the liquid—vapor interface curvature, and 
surface tension effects can be important. For the finned tube, surface tension forces tend to 
increase heat transfer rates near the fin tips by reducing the film thickness and decrease heat 
transfer rates in the inter-fin region by retaining condensate. Just as the liquid layer is thicker 
on the bottom of a sphere (Figure 10.14a) or unfinned horizontal tube (Figure 10.145), there 
is more retained condensate on the underside of the horizontal finned tube. 

Heat transfer rates for the finned tube q; may be related to those for a corresponding 
unfinned tube g,, by an enhancement ratio, &g = dp/duy. The degree of enhancement 
depends primarily on the fluid, the ambient pressure, and the fin geometry, and is 
weakly dependent on the difference between the tube and ambient temperatures [50]. 
Small fins, relative to those commonly used for single-phase convection, promote a 
highly curved liquid surface and, in turn, can enhance heat transfer significantly. The 
small fins can be fabricated by, for example, removing material from a tube of radius r, 
as shown in Figure 10.15, thereby eliminating contact resistances at the tube—fin inter- 
face. Moreover, when manufactured from a metal of high thermal conductivity such as 
copper, it is often reasonable to assume the tube and small fins have the same, uniform 
temperature. 

Heat transfer correlations for finned tubes tend to be cumbersome and have restricted 
ranges of application [51]. For design purposes, however, correlations derived by Rose [50] 
may be used to estimate the minimum enhancement associated with the use of a finned 
tube. This minimum enhancement occurs when condensate is retained in the entire inter-fin 
region, and is 


— Amin ty | or, 14 
Fiumin ~ “Gig Sr, + 1.02 | (10.48) 


2 (p, — pygt 


where p; and p, are evaluated as described below Equation 10.32 and the surface tension 7 
is evaluated at 7,,,. Actual enhancements exceed €,,,;, and have been reported to be in the 
range 2 = €, = 4 for water [50]. Procedures for estimating the heat transfer rates associ- 
ated with nonisothermal fins are provided by Briggs and Rose [52]. 

For vertically aligned tubes with a continuous condensate sheet, as shown in Figure 
10.14c, the heat transfer rate associated with the lower tubes is less than that of the top 
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tube because the films on the lower tubes are thicker than on the top tube. For a vertical 
tier of N horizontal unfinned tubes the average coefficient (over all N tubes) may be 
expressed as 


hp = ApN" (10.49) 


where hp is the heat transfer coefficient for the top tube given by Equation 10.46. The 
Nusselt analysis may be extended to account for the increasing tube-to-tube film thick- 
ness, yielding n =—1/4. However, an empirical value of n =—1/6 is often found to be 
more appropriate [53]. 

The discrepancy between the analytical and empirical values of n may be attributed to 
several effects. The analysis is based on the assumption of a continuous adiabatic sheet of 
condensate spanning the tubes, as illustrated in Figure 10.14c. However, heat transfer to the 
liquid sheet and its increase in momentum as it falls freely under gravity also increase over- 
all heat transfer rates. Chen [54] accounted for these influences and reported their effects in 
terms of the Jakob number and the number of tubes in the tier, N. For Ja < 0.1, heat trans- 
fer was predicted to be enhanced by less than 15%. Larger measured values of hp y might 
also be attributed to condensate dripping, as illustrated in Figure 10.14d. As individual 
drops impinge on the lower tube, turbulence and waves propagate throughout the film, 
enhancing heat transfer. For tubes with annular fins, lateral propagation of condensate is 
hindered by the fins, directly exposing more of the lower tube surface to vapor and 
resulting in values of n in the range —1/6 <n S 0 [53]. 

If the length-to-diameter ratio of an unfinned tube exceeds 1.8 tan @ [55], Equations 10.46 
and 10.49 may be applied to inclined tubes by replacing g with g cos 6, where the angle @ is 
measured from the horizontal position. For either finned or unfinned tubes, the presence of 
noncondensable gases will decrease the convection coefficients relative to values obtained 
from the foregoing correlations. 


EXAMPLE 10.4 


The tube bank of a steam condenser consists of a square array of 400 tubes, each of diameter 
D=2r, = 6mm. 
1. If horizontal, unfinned tubes are exposed to saturated steam at a pressure of p = 0.15 bar 
and the tube surface is maintained at T, = 25°C, what is the rate at which steam is con- 
densed per unit length of the tube bank? 


2. If annular fins of height h = r; — r, = 1 mm, thickness t = 1 mm, and pitch $ = 2mm 
are added, determine the minimum condensation rate per unit length of tubing. 


SOLUTION 


Known: Configuration and surface temperature of unfinned and finned condenser tubes 
exposed to saturated steam at 0.15 bar. 


Find: 
1. Condensation rate per unit length of unfinned tubing. 
2. Minimum condensation rate per unit length of finned tubing. 
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Schematic: 
D=6mm, 
square array, 
400 tubes 
4: 
T, = 25°C 
9 
or - 
Assumptions: 


1. Spatially uniform cylinder and fin temperature. 
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2. Average heat transfer coefficient varies with tube row with n =—1/6 in Equation 10.49. 


3. Negligible concentration of noncondensable gases in the steam. 


Properties: Table A.6, saturated vapor (p=0.15 bar): _ T, 


a = 327K = 54°C, 


ps = Ua, > 0.098 kg/m’, hy, = 2373 kJ/kg, o = 0.0671 N/m. Table A.6, saturated water 
(T, = 312.5K):  p, = lu, = 992 kg/m*, ye, = 663 X 10° N-s/m?,  k, = 0.631 W/m-K, 


Cp. = 4178 J/kg -K. 


Analysis: 


1. Equation 10.46 may be rearranged to yield an expression for the convection coefficient 


for the top, unfinned tube which is of the form 


5 = Bea 
(Ts. — T,)D 


where C = 0.729 for a tube and 
hig = h,(1 + 0.68 Ja) = hy + 0.68c, (Ts — T;) 


= 2373 X 10° J/kg + 0.68 X 4178 J/kg + K X (327 — 298) K 
= 2455 kI/kg 


Therefore 


992 kg/m? X 9.8 m/s” X (992 — 0.098) kg/m? ue 
X (0.631 W/m: K)* X 2455 X 10° J/kg 


663 X 10 °kg/s:m X (327 — 298) K X6 X10 7m 


hp = 0.729 


= 10,980 W/m?+K 
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From Equation 10.49 the array-averaged convection coefficient is 
hp.v = ApN" = 10,980 W/m? K x 20° = 6667 W/m? - K 
From Equation 10.34 the condensation rate per unit length of tubing is 


lip, y(TD)( Tour — Ts) 
Ag 


Mi = N x N 
= 20 X 20 X 6667 W/m’: K X a X 6 X 103m X (327 — 298) K/2455 X 10? J/kg 
= 0.594 kg/s>m <J 


2. From Equation 10.48, the minimum enhancement attributable to the annular fins is 


n' 1/4 
fi.min Me min try r\ Or, 
= + 1.02 


a a Ne (pi — pr)gt® 
_1 x43 aan 0.0671 N/m X 3 X 1073m |" 
2xX3[4 ~~ (992 — 0.098) kg/m? X 9.8 m/s? X (1 X 10°? my? 
= 1.44 


Therefore, the minimum condensation rate for the finned tubes is 


Miemin = Efumin un = 1-44 X 0.594 kg/s +m = 0.855 kg/s-m < 


Comment: A value of n = —1/6 was used in Equation 10.49. However, for finned tubes 
the value of n is expected to be between zero and —1/6. For n = 0, the condensation rate 
per unit length of tubing would be 

ha) TT, 

Mécmin = Ef min xNX py Roe T a= Ts) 
Nig 

= 1.44 x 20 X 20 X 10,980 W/m’: K X 7 X 6 X 10° 3m X (327 — 298) K/2455 X 10° J/kg 
= 1.41 kg/s-m 


The preceding rate is for a nonoptimized condition where condensate fills the entire inter-fin 
region. Actual enhancements of €¢, 4, ~ 4 might be expected [50]. For €4.,4, = 4 andn = 0, 
the condensation rate would be 


hp(mD)(Ta — Ts) 
hfe 
= 4x 20 X 20 X 10,980 W/m?: K X a X 6 X 107-3 m X (327 — 298) K/2455 X 103 J/kg 


Mi = Eft max x N x N 


= 3.91 kg/s-m 


Hence the condensation rate could potentially be increased by 100 X (3.91 — 0.594) 
kg/s-m/ 0.594 kg/s-m = 559% by using finned tubes. 
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10.10 Condensation in Horizontal Tubes 


Condensers used for refrigeration and air-conditioning systems generally involve vapor 
condensation inside horizontal or vertical tubes. Conditions within the tube depend 
strongly on the velocity of the vapor flowing through the tube, the mass fraction of vapor X, 
which decreases along the tube as condensation occurs, and the fluid properties. If the 
vapor velocity is small, condensation occurs in the manner depicted in Figure 10.16a for a 
horizontal tube. The fluid condenses in the upper regions of the tube wall and flows down- 
ward to a larger pool of liquid. In turn, the liquid pool is propelled down the length of the 
tube by shear forces imparted by the flowing vapor. For low vapor velocities such that 


PytmyD 
Re,, =|, — } < 35,000 (10.50) 


where i refers to the tube inlet, heat transfer occurs predominantly through the falling con- 
densate film. Dobson and Chato [56] recommend use of Equation 10.46 with C = 0.555 
and hy, = hy, + 0.375c¢, (Ty — T;). The value of C is less than that recommended for 
condensation on the outside of a cylinder (C = 0.729) because heat transfer associated with 
the condensate pool is small. Property evaluation is explained beneath Equation 10.32. 

At high vapor velocities the two-phase flow becomes turbulent and annular (Figure 
10.165). The vapor occupies the core of the annulus, which diminishes in diameter as the 
thickness of the outer condensate layer increases in the flow direction. Dobson and Chato [56] 
recommend an empirical correlation for a local heat transfer coefficient h of the form 


hD 2.22 
Nup = os = 0.023 Re?,5 pts + 222] (10.5 1a) 


where Rep; = 4m(1 — X)/(77Dy.), X = m,/m is the mass fraction of vapor in the fluid, and 
X,, is the Martinelli parameter corresponding to the existence of turbulent flow in both the 


liquid and vapor phases 
_ £1 —x)\0f py \5f py \ 
Xi ( X (*: i, (10.51b) 


Condensate 
film 


Condensate (a) 
pool 


al 


(c) A Section A-A 


Ficure 10.16 Film condensation in a horizontal tube. (a) Cross section of condensate flow for low 
vapor velocities. (6) Longitudinal section of condensate flow for large vapor velocities. (c) Microfins 
arranged in a helical pattern. 
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In generating svar 10.51, Dobson and Chato evaluated all properties at the 
saturation temperature T,,,. The equations are recommended for use when the mass flow 
rate per unit cross-sectional tube area exceeds 500 kg/s+m? [56]. For single-phase liquid 
convection, X — 0, X,,— © and Rep; — Rep. In this case Equation 10.51a reduces to 
the Dittus—Boelter correlation, Equation 8.60, except for the exponent on the Prandtl 
number. 

Condensation inside tubes at intermediate vapor velocities (or at low vapor mass frac- 
tions) is characterized by a variety of complex flow regimes. Heat transfer correlations 
have been developed for the individual regimes, and recommendations for their use are 
included in Dobson and Chato [56]. Condensation inside smaller tubes is influenced by sur- 
face tension effects and other considerations [36]. 

Condensation rates can be increased by adding small fins to the interior of the tube. 
Microfin tubes are typically made of copper with triangular or trapezoidal-shaped fins of 
height 0.1 to 0.25 mm as shown in Figure 10.16c. Heat transfer is increased due to the 
increase in the copper surface area, but also by turbulence induced by the fin structure and 
surface tension effects similar to those discussed for Figure 10.15. The fins are typically 
arranged in a helical or herringbone pattern down the tube length, with heat transfer rates 
enhanced by 50 to 180% [51]. 


10.11 Dropwise Condensation 


Typically, heat transfer coefficients for dropwise condensation are an order of magnitude 
larger than those for film condensation. In fact, in heat exchanger applications for which 
dropwise condensation is promoted, other thermal resistances may be significantly larger 
than that due to condensation and, therefore, reliable correlations for the condensation 
process are not needed. 

Of the many surface—fluid systems studied [57, 58], most of the data are for steam 
condensation on well-promoted copper surfaces—that is, surfaces for which wetting is 
inhibited—and are correlated by an expression of the form [59] 


fy = 51,104+20447,,(°°C) 22°C S7,,= 100°C (10.52) 
Iige = 255,510 rcs T, (10.53) 


where the heat transfer coefficient has units of (W/m?-K). The heat transfer rate and con- 
densation rate can be calculated from Equations 10.33 and 10.34, where hj, is given by 
Equation 10.27, and properties are evaluated as explained beneath Equation 10.32. The 
effect of subcooling, T,4 — T,, on hg, is small and may be neglected. 

The effect of noncondensable vapors in the steam can be very important and has been 
studied by Shade and Mikic [60]. In addition, if the condensing surface material does not 
conduct as well as copper or silver, its thermal resistance becomes a factor. Since all the 
heat is transferred to the drops, which are very small and widely distributed over the sur- 
face, heat flow lines within the surface material near the active areas of condensation will 
crowd, inducing a constriction resistance. This effect has been studied by Hannemann and 
Mikic [61]. 


a References 


10.12 Summary 
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This chapter identifies the essential physical features of boiling and condensation processes 
and presents correlations suitable for approximate engineering calculations. However, a 
great deal of additional information is available, and much of it has been summarized in 
several extensive reviews of the subject [7, 15, 25, 30-33, 36, 51, 56, 58-59, 61-67]. 

You may test your understanding of heat transfer with phase change by addressing the 


following questions. 


¢ What is pool boiling? Forced convection boiling? Subcooled boiling? Saturated boiling? 


¢ How is the excess temperature defined? 


¢ Sketch the boiling curve and identify key regimes and features. What is the critical heat 
flux? What is the Leidenfrost point? How does progression along the boiling curve occur if 
the surface heat flux is controlled? What is the nature of the hysteresis effect? How does 
progression along the boiling curve occur if the surface temperature is controlled? 

* How does heat flux depend on the excess temperature in the nucleate boiling regime? 

¢ What modes of heat transfer are associated with film boiling? 

¢ How is the amount of liquid subcooling defined? 

¢ To what extent is the boiling heat flux influenced by the magnitude of the gravitational 
field, liquid subcooling, and surface roughness? 

* How do two-phase flow and heat transfer in microchannels differ from two-phase flow and 


heat transfer in larger tubes? 


¢ How does dropwise condensation differ from film condensation? Which mode of conden- 
sation is characterized by larger heat transfer rates? 

¢ For laminar film condensation on a vertical surface, how do the local and average convec- 
tion coefficients vary with distance from the leading edge? 

* How is the Reynolds number defined for film condensation on a vertical surface? What are 


the corresponding flow regimes? 


¢ How does surface tension affect condensation on or in finned tubes? 
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General Considerations 


10.1 Show that, for water at 1-atm pressure with T, — T,y = 


10°C, the Jakob number is much less than unity. What 
is the physical significance of this result? Verify that 
this conclusion applies to other fluids. 


10.2 The surface of a horizontal, 7-mm-diameter cylinder is 


maintained at an excess temperature of 5°C in saturated 
water at | atm. Estimate the heat flux using an appro- 
priate free convection correlation and compare your 
result to the boiling curve of Figure 10.4. Repeat the 
calculation for a horizontal, 7-~m-diameter wire at 
the same excess temperature. What can you say about the 
general applicability of Figure 10.4 to all situations 
involving boiling of water at 1 atm? 


10.3 The role of surface tension in bubble formation can be 


demonstrated by considering a spherical bubble of pure 

saturated vapor in mechanical and thermal equilibrium 

with its superheated liquid. 

(a) Beginning with an appropriate free-body diagram 
of the bubble, perform a force balance to obtain an 
expression of the bubble radius, 


_ 20 
Psa ~ Pi 


ly 


where p,,; is the pressure of the saturated vapor and 
Pp, is the pressure of the superheated liquid outside 
the bubble. 


(b) On a p-v diagram, represent the bubble and liquid 
states. Discuss what changes in these conditions 
will cause the bubble to grow or collapse. 


(c) Calculate the bubble size under equilibrium condi- 
tions for which the vapor is saturated at 101°C and 
the liquid pressure corresponds to a saturation tem- 
perature of 100°C. 


10.4 Estimate the heat transfer coefficient, h, associated with 
Points A, B, C, D, and E in Figure 10.4. Which point is 
associated with the largest value of h? Which point cor- 
responds to the smallest value of 4? Determine the 
thickness of the vapor blanket at the Leidenfrost point, 
neglecting radiation heat transfer through the blanket. 
Assume the solid is a flat surface. 


Nuceleate Boiling and Critical Heat Flux 


10.5 A long, 1-mm-diameter wire passes an electrical current 
dissipating 3150 W/m and reaches a surface temperature 
of 126°C when submerged in water at | atm. What is the 
boiling heat transfer coefficient? Estimate the value of 
the correlation coefficient C, ». 


10.6 Estimate the nucleate pool boiling heat transfer 
coefficient for water boiling at atmospheric pressure 
on the outer surface of a platinum-plated 10-mm- 
diameter tube maintained 10°C above the saturation 
temperature. 


10.7 Plot the nucleate boiling heat flux for saturated water at 
atmospheric pressure on a large, horizontal polished 
copper plate, over the excess temperature range 5°C = 
AT, = 30°C. Compare your results with Figure 10.4. 
Also find the excess temperature corresponding to the 
critical heat flux. 


10.8 A simple expression to account for the effect of pres- 
sure on the nucleate boiling convection coefficient in 
water (W/m7?: K) is 


0.4 
A= cary(2) 


where p and p, are the system pressure and standard 
atmospheric pressure, respectively. For a horizontal 
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10.12 


10.13 
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plate and the range 15 < g"” < 235 kW/m’, C = 5.56 
and n = 3. Units of AT, are kelvins. Compare pre- 
dictions from this expression with the Rohsenow cor- 
relation (C,; = 0.013, n = 1) for pressures of 2 and 


5 bars with AT, = 10°C. 


In Example 10.1 we considered conditions for which 
vigorous boiling occurs in a pan of water, and we 
determined the electric power (heat rate) required to 
maintain a prescribed temperature for the bottom of 
the pan. However, the electric power is, in fact, the 
control (independent) variable, from which the tem- 
perature of the pan follows. 


(a) For nucleate boiling in the copper pan of Exam- 
ple 10.1, compute and plot the temperature of 
the pan as a function of the heat rate for 1 =g = 
100 kW. 


If the water is initially at room temperature, it 
must, of course, be heated for a period of time 
before it will boil. Consider conditions shortly 
after heating is initiated and the water is at 20°C. 
Estimate the temperature of the pan bottom for a 
heat rate of 8kW. 


(b) 


Calculate the critical heat flux on a large horizontal sur- 
face for the following fluids at 1 atm: mercury, ethanol, 
and refrigerant R-134a. Compare these results to the 
critical heat flux for water at 1 atm. 


Water at atmospheric pressure boils on the surface of a 
large horizontal copper tube. The heat flux is 90% of 
the critical value. The tube surface is initially scored; 
however, over time the effects of scoring diminish and 
the boiling eventually exhibits behavior similar to that 
associated with a polished surface. Determine the tube 
surface temperature immediately after installation and 
after prolonged service. 


The bottom of a copper pan, 150 mm in diameter, is 
maintained at 115°C by the heating element of an elec- 
tric range. Estimate the power required to boil the 
water in this pan. Determine the evaporation rate. 
What is the ratio of the surface heat flux to the critical 
heat flux? What pan temperature is required to achieve 
the critical heat flux? 


A nickel-coated heater element with a thickness of 
15mm and a thermal conductivity of 50 W/m-K is 
exposed to saturated water at atmospheric pressure. A 
thermocouple is attached to the back surface, which is 
well insulated. Measurements at a particular operating 
condition yield an electrical power dissipation in the 
heater element of 6.950 X 10’ W/m? and a tempera- 
ture of T, = 266.4°C. 


Nickel-coated 


surface, T, 
es Heater element 
Current C ‘i 
‘iw ° q = 6.950 x 10” W/m 


fnsuatien : 
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k = 50 W/mK 
L=15mm 


T, = 266.4°C 


(a) From the foregoing data, calculate the surface tem- 
perature, 7,, and the heat flux at the exposed surface. 


(b) Using the surface heat flux determined in part (a), 
estimate the surface temperature by applying an 
appropriate boiling correlation. 


Advances in very large scale integration (VLSI) of elec- 
tronic devices on a chip are often restricted by the abil- 
ity to cool the chip. For mainframe computers, an array 
of several hundred chips, each of area 25 mm’, may be 
mounted on a ceramic substrate. A method of cooling 
the array is by immersion in a low boiling point fluid 
such as refrigerant R-134a. At 1 atm and 247 K, proper- 
ties of the saturated liquid are yp = 1.46 X 10-* N:s/m’, 
c, = 1551 J/kg-K, and Pr = 3.2. Assume values of 
C,,¢ = 0.004 and n = 1.7. 


(a) Estimate the power dissipated by a single chip if it 
is operating at 50% of the critical heat flux. What 
is the corresponding value of the chip temperature? 


(b) 


Compute and plot the chip temperature as a function 


of surface heat flux for 0.25 = q!/qriax = 0.90. 


Saturated ethylene glycol at 1 atm is heated by a hori- 
zontal chromium-plated surface which has a diameter of 
200 mm and is maintained at 480 K. Estimate the heat- 
ing power requirement and the rate of evaporation. What 
fraction is the power requirement of the maximum 
power associated with the critical heat flux? At 470 K, 
properties of the saturated liquid are = 0.38 X 10° 
N-s/m, c, = 3280 J/kg+K, and Pr = 8.7. The saturated 
vapor density is p = 1.66 kg/m?. Assume nucleate boil- 
ing constants of C,;= 0.01 and n = 1.0. 


Copper tubes 25 mm in diameter and 0.75 m long are 

used to boil saturated water at 1 atm. 

(a) If the tubes are operated at 75% of the critical heat 
flux, how many tubes are needed to provide a 
vapor production rate of 750 kg/h? What is the 
corresponding tube surface temperature? 


(b) 


Compute and plot the tube surface temperature as 


a function of heat flux for 0.25 = (/qiiax < 0.90. 
On the same graph, plot the corresponding num- 
ber of tubes needed to provide the prescribed 
vapor production rate. 


10.17 


10.18 


10.19 


10.20 


10.21 


a Problems 


Consider a gas-fired boiler in which five coiled, thin- 
walled, copper tubes of 25-mm diameter and 8-m 
length are submerged in pressurized water at 4.37 bars. 
The walls of the tubes are scored and may be assumed 
to be isothermal. Combustion gases enter each of the 
tubes at a temperature of T,,; = 700°C and a flow rate 
of m = 0.08 kg/s, respectively. 


. Steam 
Boiler 


Gas line (L, D) 
(1 of 5) 


m, Ls 
(a) Determine the tube wall temperature 7, and the gas 

outlet temperature T,,,, for the prescribed conditions. 

As a first approximation, the properties of the com- 

bustion gases may be taken as those of air at 700 K. 
(b) Over time the effects of scoring diminish, leading 
to behavior similar to that of a polished copper 
surface. Determine the wall temperature and gas 
outlet temperature for the aged condition. 


Estimate the current at which a 1-mm-diameter nickel 
wire will burn out when submerged in water at atmos- 
pheric pressure. The electrical resistance of the wire is 
0.129 O/m. 


Estimate the power (W/m7) required to maintain a 
brass plate at AT, = 15°C while boiling saturated 
water at | atm. What is the power requirement if the 
water is pressurized to 10 atm? At what fraction of the 
critical heat flux is the plate operating? 


A dielectric fluid at atmospheric pressure is heated with 
a 0.5-mm-diameter, horizontal platinum wire. Determine 
the temperature of the wire when the wire is heated at 50% 
of the critical heat flux. The properties of the fluid are 
Cy. = 1300 kg: K, hy = 142 kI/kg, k, = 0.075 Wim-K, 
vy, = 0.32 X 10°° m/s, p, = 1400 kg/m’, p, = 7.2 kg/m’, 
ao = 12.4 X 107 N/m, Ty, = 34°C. Assume the nucleate 
boiling constants are C,-= 0.005 and n = 1.7. For small 
horizontal cylinders, the critical heat flux is found by mul- 
tiplying the value associated with large horizontal cylin- 
ders by a correction factor F, where F = 0.89 + 2.27 
exp(—3.44 Co” '”). The Confinement number is based on 
the radius of the cylinder, and the range of applicability for 
the correction factor is 1.3 S Co = 6.7 [11]. 


It has been demonstrated experimentally that the criti- 
cal heat flux is highly dependent on pressure, primarily 


10.22 


10.23 


Saturated 
fluorocarbon 


Silicon chip 


10.24 
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through the pressure dependence of the fluid surface 
tension and latent heat of vaporization. Using Equation 
10.6, calculate values of g’,,, for water on a large hori- 
zontal surface as a function of pressure. Demonstrate 
that the peak critical heat flux occurs at approximately 
one-third the critical pressure (p, = 221 bars). Since all 
common fluids have this characteristic, suggest what 
coordinates should be used to plot critical heat 
flux—pressure values to obtain a universal curve. 


In applying dimensional analysis, Kutateladze [9] pos- 
tulated that the critical heat flux varies with the heat of 
vaporization, vapor density, surface tension, and the 
bubble diameter parameter given in Equation 10.4a. 
Verify that dimensional analysis would yield the fol- 
lowing expression for the critical heat flux: 


mo 1/2,)-1/2,1/2 
Imax — ChyPy D, o 


A silicon chip of thickness L = 2.5mm and thermal 
conductivity k, = 135 W/m:K is cooled by boiling a 
saturated fluorocarbon liquid (7, = 57°C) on its sur- 
face. The electronic circuits on the bottom of the chip 
produce a uniform heat flux of g”=5 x 10* W/m’, 
while the sides of the chip are perfectly insulated. 

Properties of the saturated fluorocarbon are c,) = 
1100 J/kg-K, hye = 84,400 J/kg, p, = 1619.2 kg/m’, 
py = 13.4kg/m’*, o = 8.1 X 10-7 N/m, p, = 440 x 10°° 
kg/m:s, and Pr, = 9.01. In addition, the nucleate boiling 
constants are C, ¢ = 0.005 and n = 1.7. 


(a) What is the steady-state temperature 7, at the 
bottom of the chip? If, during testing of the chip, 
q, is increased to 90% of the critical heat flux, 
what is the new steady-state value of T,,? 


(b) 


Compute and plot the chip surface temperatures 


(top and bottom) as a function of heat flux for 
0.20 = gl/dinax = 0.90. If the maximum allowable 
chip temperature is 80°C, what is the maximum 
allowable value of q’,? 


What is the critical heat flux for boiling water at 1 atm 
on a large horizontal surface on the surface of the 
moon, where the gravitational acceleration is one-sixth 
that of the earth? 


10.25 A heater for boiling a saturated liquid consists of two 


concentric stainless steel tubes packed with dense boron 


662 


Chapter 10 = Boiling and Condensation 


nitride powder. Electrical current is passed through the 
inner tube, creating uniform volumetric heating g 
(W/m*). The exposed surface of the outer tube is in con- 
tact with the liquid and the boiling heat flux is given as 


i CT, _ (es 
Boron i 
nitride p= 
powder a Vr "a 
|| , 


10.26 


Stainless steel tube, ¢ 


L_ Stainless steel 


boiling surface 


It is feared that under high-power operation the stain- 
less steel tubes would severely oxidize if temperatures 
exceed 7,, . or that the boron nitride would deteriorate 
if its temperature exceeds T,,, ,. Presuming that the sat- 
uration temperature of the liquid (T,,,) and the boiling 
surface temperature (T,) are prescribed, derive expres- 
sions for the maximum temperatures in the stainless 
steel (ss) tubes and in the boron nitride (bn). Express 
your results in terms of geometric parameters (r,, 15, 
r3, 4), thermal conductivities (k,., kp,), and the boiling 
parameters (C, T,,,, T,). 


A device for performing boiling experiments consists of a 
copper bar (k = 400 W/m: K), which is exposed to a boil- 
ing liquid at one end, encapsulates an electrical heater at 
the other end, and is well insulated from its surroundings 
at all but the exposed surface. Thermocouples inserted in 
the bar are used to measure temperatures at distances of 
x, = 10mm and x, = 25 mm from the surface. 


Dad 
na 


Thermocouples 


Copper bar, k 


Electrical “ 
heater 


(a) An experiment is performed to determine the boil- 
ing characteristics of a special coating applied to 
the exposed surface. Under steady-state condi- 
tions, nucleate boiling is maintained in saturated 
water at atmospheric pressure, and values of 
T, = 133.7°C and T, = 158.6°C are recorded. If 
n = 1, what value of the coefficient C, ; is associ- 
ated with the Rohsenow correlation? 


(b) 


Assuming applicability of the Rohsenow correla- 


tion with the value of C,; determined from part 
(a), compute and plot the excess temperature AT, 
as a function of the boiling heat flux for 
10° = q’ = 10° W/m”. What are the corresponding 
values of 7, and 7, for g” = 10° W/m? If q” were 
increased to 1.5 X 10° W/m’, could the foregoing 
results be extrapolated to infer the corresponding 
values of AT,, T,, and T>? 


Minimum Heat Flux and Film Boiling 


10.27 


10.28 


10.29 


A small copper sphere, initially at a uniform, elevated 
temperature 7(0) = 7;, is suddenly immersed in a 
large fluid bath maintained at T,,,. The initial tempera- 
ture of the sphere exceeds the Leidenfrost point corre- 
sponding to the temperature 7, of Figure 10.4. 


(a) Sketch the variation of the average sphere temper- 
ature, T(t), with time during the quenching process. 
Indicate on this sketch the temperatures 7,, Tp, and 
T., aS Well as the regimes of film, transition, and 
nucleate boiling and the regime of single-phase 
convection. Identify key features of the tempera- 
ture history. 

(b) At what time(s) in this cooling process do you 

expect the surface temperature of the sphere to 

deviate most from its center temperature? Explain 
your answer. 


A sphere made of aluminum alloy 2024 with a diame- 
ter of 20mm and a uniform temperature of 500°C is 
suddenly immersed in a saturated water bath main- 
tained at atmospheric pressure. The surface of the 
sphere has an emissivity of 0.25. 


(a) Calculate the total heat transfer coefficient for the 
initial condition. What fraction of the total coeffi- 
cient is contributed by radiation? 


(b) Estimate the temperature of the sphere 30 s after it 
is immersed in the bath. 


A disk-shaped turbine rotor is heat-treated by quench- 
ing in water at p = 1 atm. Initially, the rotor is at a 
uniform temperature of 7; = 1100°C and the water is 
at its boiling point as the rotor is lowered into the 
quenching bath by a harness. 


10.30 


10.31 


10.32 


10.33 


a Problems 


(a) Assuming lumped-capacitance behavior and con- 
stant properties for the rotor, carefully plot the 
rotor temperature versus time, pointing out impor- 
tant features of your 7(t) curve. The rotor is in 
Orientation A. 


(b) If the rotor is reoriented so that its large surfaces 
are horizontal (Orientation B), would the rotor 
temperature decrease more rapidly or less rapidly 
relative to Orientation A? 


Orientation A Orientation B 


_ A 


Turbine disk __ 
T, = 1100°C 


A steel bar, 20 mm in diameter and 200 mm long, with 
an emissivity of 0.9, is removed from a furnace at 
455°C and suddenly submerged horizontally in a water 
bath under atmospheric pressure. Estimate the initial 
heat transfer rate from the bar. 


Electrical current passes through a horizontal, 2-mm- 
diameter conductor of emissivity 0.5 when immersed 
in water under atmospheric pressure. 


(a) Estimate the power dissipation per unit length of 
the conductor required to maintain the surface 
temperature at 555°C. 


(b) |For conductor diameters of 1.5, 2.0, and 2.5 mm, 


compute and plot the power dissipation per unit 
length as a function of surface temperature for 
250 = T, = 650°C. On a separate figure, plot the 
percentage contribution of radiation as a function 
of T,. 


Consider a horizontal, D = 1-mm-diameter platinum 
wire suspended in saturated water at atmospheric 
pressure. The wire is heated by an electrical current. 
Determine the heat flux from the wire at the instant 
when the surface of the wire reaches its melting point. 
Determine the corresponding centerline temperature 
of the wire. Due to oxidation at very high tempera- 
ture, the wire emissivity is ¢ = 0.80 when it burns out. 
The water vapor properties at the film temperature of 
1209K are p, = 0.189kg/m*, c,, = 2404 J/kg-K, 


‘pv 


v, = 231 X 10°° m/s, k, = 0.113 W/m: K. 


A heater element of 5-mm diameter is maintained 
at a surface temperature of 350°C when immersed 
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horizontally in water under atmospheric pressure. 
The element sheath is stainless steel with a mechani- 
cally polished finish having an emissivity of 0.25. 


(a) Calculate the electrical power dissipation and the 
rate of vapor production per unit heater length. 


(b) If the heater were operated at the same power 
dissipation rate in the nucleate boiling regime, 
what temperature would the surface achieve? Cal- 
culate the rate of vapor production per unit length 
for this operating condition. 


(c) Sketch the boiling curve and represent the two oper- 
ating conditions of parts (a) and (b). Compare the 
results of your analysis. If the heater element is 
operated in the power-controlled mode, explain how 
you would achieve these two operating conditions 
beginning with a cold element. 


10.34 The thermal energy generated by a silicon chip 


increases in proportion to its clock speed. The sili- 
con chip of Problem 10.23 is designed to operate 
in the nucleate boiling regime at approximately 
30% of the critical heat flux. A sudden surge in the 
chip’s clock speed triggers film boiling, after which 
the clock speed and power dissipation return to their 
design values. 


(a) In which boiling regime does the chip operate after 
the power dissipation returns to its design value? 


(b) To return to the nucleate boiling regime, how much 
must the clock speed be reduced relative to the 
design value? 


10.35 A cylinder of 120-mm diameter at 1000 K is quenched 


in saturated water at | atm. Describe the quenching 
process and estimate the maximum heat removal rate 
per unit length during the process. 


10.36 A 1-mm-diameter horizontal platinum wire of emis- 


sivity ¢ = 0.25 is operated in saturated water at l-atm 
pressure. 


(a) What is the surface heat flux if the surface temper- 
ature is T, = 800 K? 


(b) | For emissivities of 0.1, 0.25, and 0.95, generate a 


log-log plot of the heat flux as a function of sur- 
face excess temperature, AT, =T,— T,,, for 
150 = AT, = 550K. Show the critical heat flux 
and the Leidenfrost point on your plot. Separately, 
plot the percentage contribution of radiation to the 
total heat flux for 150 = AT, = 550K. 


10.37 As strip steel leaves the last set of rollers in a hot 


rolling mill, it is quenched by planar water jets before 
being coiled. Due to the large plate temperatures, film 
boiling is achieved shortly downstream of the jet 
impingement region. 
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Planar 


water jet 
Rollers ied 


‘_ Vapor 
blanket 


Consider conditions for which the strip steel beneath 
the vapor blanket is at a temperature of 907 K and 
has an emissivity of 0.35. Neglecting the effects of the 
strip and jet motions and assuming boiling within 
the film to be approximated by that associated with a 
large horizontal cylinder of 1-m diameter, estimate the 
rate of heat transfer per unit surface area from the strip 
to the wall jet. 


A polished copper sphere of 10-mm diameter, initially 
at a prescribed elevated temperature T;, is quenched in a 
saturated (1 atm) water bath. Using the lumped capaci- 
tance method of Section 5.3.3, estimate the time for the 
sphere to cool (a) from T; = 130°C to 110°C and (b) 
from T; = 550°C to 220°C. Make use of the average 
sphere temperatures in evaluating properties. Plot the 
temperature history for each quenching process. 


Forced Convection Boiling 


10.39 


10.40 


10.41 


A tube of 2-mm diameter is used to heat saturated 
water at 1 atm, which is in cross flow over the tube. 
Calculate and plot the critical heat flux as a function of 
water velocity over the range 0 to 2 m/s. On your plot, 
identify the pool boiling region and the transition 
region between the low- and high-velocity ranges. 
Hint: Problem 10.20 contains relevant information for 
pool boiling on small-diameter cylinders. 


Saturated water at 1 atm and velocity 2 m/s flows over a 
cylindrical heating element of diameter 5 mm. What is 
the maximum heating rate (W/m) for nucleate boiling? 


A vertical steel tube carries water at a pressure of 
10 bars. Saturated liquid water is pumped into the 
D = 0.1-m-diameter tube at its bottom end (x = 0) 
with a mean velocity of u,, = 0.05 m/s. The tube is 
exposed to combusting pulverized coal, providing a 
uniform heat flux of g”’ = 100,000 W/m’. 


(a) Determine the tube wall temperature and the quality 
of the flowing water at x = 15 m. Assume G, ; = 1. 


(b) Determine the tube wall temperature at a location 
beyond x = 15m where single-phase flow of the 


vapor exists at a mean temperature of T,,,. Assume 
the vapor at this location is also at a pressure of 
10 bars. 


(c) 


Plot the tube wall temperature in the range —5 m 


10.42 


10.43 


Film 


10.44 


10.45 


=x=30m. 


Consider refrigerant R-134a flowing in a smooth, hori- 
zontal, 10-mm-inner-diameter tube of wall thickness 
2mm. The refrigerant is at a saturation temperature of 
15°C (for which p, ., = 23.75 kg/m*) and flows at a 
rate of 0.01 kg/s. Determine the maximum wall tem- 
perature associated with a heat flux of 10° W/m? at 
the inner wall at a location 0.4 m downstream from the 
onset of boiling for tubes fabricated of (a) pure copper 
and (b) AISI 316 stainless steel. 


Determine the tube diameter associated with p = 1 atm 
and a critical Confinement number of 0.5 for ethanol, 
mercury, water, R-134a, and the dielectric fluid of 
Problem 10.23. 


Condensation 


Saturated steam at 0.1 bar condenses with a convec- 
tion coefficient of 6800 W/m?:K on the outside of a 
brass tube having inner and outer diameters of 16.5 
and 19mm, respectively. The convection coefficient 
for water flowing inside the tube is 5200 W/m’:K. 
Estimate the steam condensation rate per unit length 
of the tube when the mean water temperature is 30°C. 


Consider a container exposed to a saturated vapor, T,,1, 
having a cold bottom surface, T, < T,,,, and with insu- 
lated sidewalls. 


Vapor, 7... 


Assuming a linear temperature distribution for the liquid, 
perform a surface energy balance on the liquid—vapor 
interface to obtain the following expression for the 
growth rate of the liquid layer: 


2k (Toa — T,) 2 
(0) _ ne sat A) j 
Pitre 


Calculate the thickness of the liquid layer formed in 
1h for a 200-mm* bottom surface maintained at 80°C 
and exposed to saturated steam at | atm. Compare 
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a Problems 


this result with the condensate formed by a vertical 
plate of the same dimensions for the same period of 
time. 


Saturated steam at 1 atm condenses on the outer 
surface of a vertical, 100-mm-diameter pipe | m long, 
having a uniform surface temperature of 94°C. Esti- 
mate the total condensation rate and the heat transfer 
rate to the pipe. 


Determine the total condensation rate and the heat 
transfer rate for Problem 10.46 when the steam is satu- 
rated at 1.5 bars. 


Consider wave-free laminar condensation on a vertical 
isothermal plate of length L, providing an average heat 
transfer coefficient of h,. If the plate is divided into N 
smaller plates, each of length Ly = L/N, determine an 
expression for the ratio of the heat transfer coefficient 
averaged over the N plates to the heat transfer coeffi- 
cient averaged over the single plate, h,, yhy 


A vertical plate 500 mm high and 200 mm wide is to 
be used to condense saturated steam at | atm. 


(a) At what surface temperature must the plate be 
maintained to achieve a condensation rate of 
m = 25 kg/h? 


(b) 


Compute and plot the surface temperature as a func- 


tion of condensation rate for 15 = m = 50 kg/h. 


(c) 


On the same graph and for the same range of m, 


plot the surface temperature as a function of con- 
densation rate if the plate is 200mm high and 
500 mm wide. 


A 2m X 2m vertical plate is exposed on one side to 
saturated steam at atmospheric pressure and on the 
other side to cooling water that maintains a plate tem- 
perature of 50°C. 


(a) What is the rate of heat transfer to the coolant? What 
is the rate at which steam condenses on the plate? 


(b) For plates inclined at an angle 6 from the vertical, 
the average convection coefficient for condensation 
on the upper surface, Figen may be approxi- 
mated by an expression of the form, hyn.) ~ 
(cos 6)!4- Fiesty where Kireess is the average coeffi- 
cient for the vertical orientation. If the 2m * 2m 
plate is inclined 45° from the normal, what are the 


rates of heat transfer and condensation? 


Saturated ethylene glycol vapor at 1 atm is exposed 
to a vertical plate 300 mm high and 100 mm wide hav- 
ing a uniform temperature of 420 K. Estimate the heat 
transfer rate to the plate and the condensation rate. 
Approximate the liquid properties as those corre- 
sponding to saturated conditions at 373 K (Table A.5). 
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A vertical plate 2.5m high, maintained at a uniform 
temperature of 54°C, is exposed to saturated steam at 
atmospheric pressure. 


(a) Estimate the condensation and heat transfer rates 
per unit width of the plate. 


(b) If the plate height were halved, would the flow 
regime stay the same or change? 


(c) 


For 54 = T, = 90°C, plot the condensation rate as 


a function of plate temperature for the two plate 
heights of parts (a) and (b). 


Two configurations are being considered in the 
design of a condensing system for steam at 1 atm 
employing a vertical plate maintained at 90°C. The 
first configuration is a single vertical plate L * w and 
the second consists of two vertical plates (L/2) X w, 
where L and w are the vertical and horizontal dimen- 
sions, respectively. Which configuration would you 
choose? 


The condenser of a steam power plant consists of a 
square (in-line) array of 625 tubes, each of 25-mm 
diameter. Consider conditions for which saturated 
steam at 0.105 bars condenses on the outer surface of 
each tube, while a tube wall temperature of 17°C is 
maintained by the flow of cooling water through the 
tubes. What is the rate of heat transfer to the water per 
unit length of the tube array? What is the correspond- 
ing condensation rate? 


The condenser of a steam power plant consists of AISI 
302 stainless steel tubes (k, = 15 W/m-K), each of 
outer and inner diameters D, = 30mm and D; = 
26 mm, respectively. Saturated steam at 0.135 bar con- 
denses on the outer surface of a tube, while water at a 
mean temperature of T,,, = 290 K is in fully developed 
flow through the tube. 


(a) For a water flow rate of m = 0.25 kg/s, what is the 

outer surface temperature T,, of the tube and 
the rates of heat transfer and steam condensation 
per unit tube length? As a first estimate, you may 
evaluate the properties of the liquid film at the 
saturation temperature. If one wishes to increase 
the transfer rates, what is the limiting factor that 


should be addressed? 


(b)|Explore the effect of the water flow rate on T,, 
and the rate of heat transfer per unit length. 


Saturated vapor from a chemical process condenses 
at a slow rate on the inner surface of a vertical, thin- 
walled cylindrical container of length L and diameter 
D. The container wall is maintained at a uniform 
temperature T, by flowing cold water across its outer 
surface. 
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Derive an expression for the time, t,, required to fill 
the container with condensate, assuming that the con- 
densate film is laminar. Express your result in terms of 
D, L, (T, — T,), g, and appropriate fluid properties. 


Determine the total condensation rate and heat transfer 
rate for the process of Problem 10.46 when the pipe is 
oriented at angles of @ = 0, 30, 45, and 60° from the 
horizontal. 


A horizontal tube of 50-mm outer diameter, with a 
surface temperature of 34°C, is exposed to steam at 
0.2 bar. Estimate the condensation rate and heat trans- 
fer rate per unit length of the tube. 


The tube of Problem 10.58 is modified by milling 
sharp-cornered grooves around its periphery, as in 
Figure 10.15. The 2-mm-deep grooves are each 2mm 
wide with a pitch of S = 4 mm. Estimate the minimum 
condensation and heat transfer rates per unit length 
that would be expected for the modified tube. How 
much is the performance enhanced relative to the orig- 
inal tube of Problem 10.58? 


A horizontal tube 1 m long with a surface temperature 
of 70°C is used to condense saturated steam at | atm. 


(a) What diameter is required to achieve a condensa- 
tion rate of 125 kg/h? 


Plot the condensation rate as a function of surface 
temperature for 70 = T, = 90°C and tube diame- 
ters of 125, 150, 175 mm. 


(b) 


Saturated steam at a pressure of 0.1 bar is condensed 
over a square array of 100 tubes each of diameter 8 mm. 


(a) If the tube surfaces are maintained at 27°C, esti- 
mate the condensation rate per unit tube length. 
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Subject to the requirement that the total number of 


tubes and the tube diameter are fixed at 100 and 
8 mm, respectively, what options are available for 
increasing the condensation rate? Assess these 
options quantitatively. 


A thin-walled concentric tube heat exchanger of 
0.19-m length is to be used to heat deionized water 
from 40 to 60°C at a flow rate of 5 kg/s. The deionized 
water flows through the inner tube of 30-mm diameter 
while saturated steam at 1 atm is supplied to the annulus 
formed with the outer tube of 60-mm diameter. The 
thermophysical properties of the deionized water are 
p = 982.3 kg/m’, c, = 4181 J/kg: K, k = 0.643 W/m: K, 
p = 548 X 10°° N-s/m’, and Pr = 3.56. Estimate the 
convection coefficients for both sides of the tube and 
determine the inner tube wall outlet temperature. Does 
condensation provide a fairly uniform inner tube wall 
temperature equal approximately to the saturation tem- 
perature of the steam? 


A technique for cooling a multichip module involves 
submerging the module in a saturated fluorocarbon 
liquid. Vapor generated due to boiling at the module 
surface is condensed on the outer surface of copper 
tubing suspended in the vapor space above the liquid. 
The thin-walled tubing is of diameter D = 10 mm and 
is coiled in a horizontal plane. It is cooled by water 
that enters at 285 K and leaves at 315 K. All the heat 
dissipated by the chips within the module is transferred 
from a 100-mm X 100-mm boiling surface, at which 
the flux is 10° W/m”, to the fluorocarbon liquid, which 
is at T.4 = 57°C. Liquid properties are k, = 0.0537 
W/mK, c,, = 1100 J/kg + K, hi, ~ hy, = 84,400 J/kg, 
p, = 1619.2 kg/m*, p, = 13.4 kg/m’, o = 8.1 X 10% 
N/m, “, = 440 X 10° kg/m+s, and Pr, = 9. 


Water 


Fluorocarbon 
vapor and 
liquid, 7. 


sat 
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(a) For the prescribed heat dissipation, what is the 
required condensation rate (kg/s) and water flow 
rate (kg/s)? 

Assuming fully developed flow throughout the 
tube, determine the tube surface temperature at the 
coil inlet and outlet. 


(b) 


(c) Assuming a uniform tube surface temperature 
of T, = 53.0°C, determine the required length of 


the coil. 


Determine the rate of condensation on a 100-mm- 
diameter sphere with a surface temperature of 150°C 
in saturated ethylene glycol vapor at 1 atm. Approxi- 
mate the liquid properties as those corresponding to 
saturated conditions at 373 K (Table A.5). 


A 10-mm-diameter copper sphere, initially at a uni- 
form temperature of 50°C, is placed in a large 
container filled with saturated steam at 1 atm. Using 
the lumped capacitance method, estimate the time 
required for the sphere to reach an equilibrium condi- 
tion. How much condensate (kg) was formed during 
this period? 


Condensation in Tubes 
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The Clean Air Act prohibited the production of chlo- 
rofluorocarbons (CFCs) in the United States as of 
1996. One widely used CFC, refrigerant R-12, has 
been replaced by R-134a in many applications because 
of their similar properties, including a low boiling 
point at atmospheric pressure, T,,, = 243K and 
246.9 K for R-12 and R-134a, respectively. Compare 
the performance of these two refrigerants under the 
following conditions. The saturated refrigerant vapor 
at 310K is condensed as it flows through a 30-mm- 
diameter, 0.8-m-long tube whose wall temperature is 
maintained at 290 K. If vapor enters the tube at a flow 
rate of 0.010 kg/s, what is the rate of condensation and 
the flow rate of vapor leaving the tube? The relevant 
properties of R-12 at T,. = 310 K are p, = 50.1 kg/m’, 
hp = 160 kJ/kg, and pw, = 150 X 10°-7N+s/m? and 
those of liquid R-12 at 7T;= 300K are p, = 1306 
kg/m’, Cy) = 978 I/kg-K, pw, = 2.54 X 10-4 N-s/m’, 
k, = 0.072 W/m-K. The properties of the saturated 
R-134a vapor are p, = 46.1 kg/m’, hy = 166 kJ/kg, 
and w, = 136 x 10-7 N«s/m. 


Saturated steam at 1.5 bars condenses inside a hori- 
zontal, 75-mm-diameter pipe whose surface is main- 
tained at 100°C. Assuming low vapor velocities and 
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film condensation, estimate the heat transfer coeffi- 
cient and the condensation rate per unit length of 
the pipe. 


Consider the situation of Problem 10.67 at relatively 
high vapor velocities, with a fluid mass flow rate of 
m = 2.5kg/s. 


(a) Determine the heat transfer coefficient and con- 
densation rate per unit length of tube for a mass 
fraction of vapor of X = 0.2. 


(b) Plot the heat transfer coefficient and the condensa- 
tion rate for 0.1 = X = 0.3. 


Refrigerant R-22 with a mass flow rate of m = 8.75 X 
10-*kg/s is condensed inside a 7-mm-diameter tube. 
Annular flow is observed. The saturation temperature 
of the pressurized refrigerant is T,,, = 45°C, and the 
wall temperature is T, = 40°C. Vapor properties are 
Py = 77 kg/m and pw, = 15 X 10-9 N-s/m’. 


(a) Determine the heat transfer coefficient and the 
heat transfer and condensation rates per unit 
length at a quality of X = 0.5. 


(b) Plot the condensation rate per unit length over the 
range 0.2 << X < 0.8. 


Dropwise Condensation 
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Consider Problem 10.44. In an effort to increase the 
condensation rate, an engineer proposes to apply an 
L = 100-um-thick Teflon coating to the exterior 
surface of the brass tube to promote dropwise 
condensation. Estimate the new condensation con- 
vection coefficient and the steam condensation rate 
per unit length of the tube after application of the 
coating. Comment on the proposed scheme’s effect 
on the condensation rate (the condensation rate 
per unit length in Problem 10.44 is approximately 
1 X 10°-*kg/s). 


Wetting of some metallic surfaces can be inhibited by 
means of ion implantation of the surface prior to its 
use, thereby promoting dropwise condensation. The 
degree of wetting inhibition and, in turn, the efficacy 
of the implantation process vary from metal to metal. 
Consider a vertical metal plate that is exposed to satu- 
rated steam at atmospheric pressure. The plate is 
t = 1 mm thick, and its vertical and horizontal dimen- 
sions are L = 250 mm and b = 100 mm, respectively. 
The temperature of the plate surface that is exposed to 
the steam is found to be 7, = 90°C when the opposite 
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surface of the metal plate is held at a cold tempera- 
ture, T... 


(a) Determine T,. for 2024-T6 aluminum. Assume the 
ion-implantation process does not promote drop- 
wise condensation for this metal. 


(b) Determine T.. for AISI 302 stainless steel, assum- 


ing the ion-implantation process is effective in 
promoting dropwise condensation. 


Combined Boiling/Condensation 


10.72 A passive technique for cooling heat-dissipating inte- 


Vapor cavity 


Integrated 
circuit (IC), T, 


grated circuits involves submerging the ICs in a low 
boiling point dielectric fluid. Vapor generated in 
cooling the circuits is condensed on vertical plates 
suspended in the vapor cavity above the liquid. The 
temperature of the plates is maintained below the sat- 
uration temperature, and during steady-state opera- 
tion a balance is established between the rate of heat 
transfer to the condenser plates and the rate of heat 
dissipation by the ICs. 


Condenser 
plates, T,, 


Dielectric liquid 


Consider conditions for which the 25-mm° surface area 
of each IC is submerged in a fluorocarbon liquid for 
which Ty = 50°C, p, = 1700 kg/m’, c,, = 1005 J/kg K, 
pL, = 6.80 X 10°* kg/s:m, k, = 0.062 W/m:K, Pr; = 
11.0, 7 = 0.013 N/m, hy, = 1.05 X 10° J/kg, Cy p= 
0.004, and n= 1.7. If the integrated circuits are 
operated at a surface temperature of 7, = 75°C, what 
is the rate at which heat is dissipated by each circuit? 
If the condenser plates are of height H = 50 mm and 
are maintained at a temperature of T, = 15°C by an 
internal coolant, how much condenser surface area 
must be provided to balance the heat generated by 500 
integrated circuits? 


10.73 A thermosyphon consists of a closed container that 
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absorbs heat along its boiling section and rejects heat 
along its condensation section. Consider a ther- 
mosyphon made from a thin-walled mechanically 
polished stainless steel cylinder of diameter D. Heat 
supplied to the thermosyphon boils saturated water at 
atmospheric pressure on the surfaces of the lower 
boiling section of length L, and is then rejected 
by condensing vapor into a thin film, which falls by 
gravity along the wall of the condensation section of 
length L, back into the boiling section. The two sec- 
tions are separated by an insulated section of length L,. 
The top surface of the condensation section may be 
treated as being insulated. The thermosyphon dimen- 
sions are D = 20mm, L, = 20mm, L. = 40 mm, and 
L,; = 40mm. 
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(a) Find the mean surface temperature, T,,, of the 
boiling surface if the nucleate boiling heat flux 
is to be maintained at 30% of the critical heat 
flux. 


(b) Find the total condensation flow rate, m, and the 
mean surface temperature of the condensation sec- 
tion, T,.. 


A novel scheme for cooling computer chips uses a 
thermosyphon containing a saturated fluorocarbon. 
The chip is brazed to the bottom of a cuplike con- 
tainer, within which heat is dissipated by boiling 
and subsequently transferred to an external coolant 
(water) via condensation on the inner surface of a 
thin-walled tube. 
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Insulation 


a Problems 


Saturated 
fluorocarbon, Tat 


Computer chip, T 


The nucleate boiling constants and the properties of 
the fluorocarbon are provided in Problem 10.23. In 
addition, k, = 0.054 W/m: K. 


(a) If the chip operates under steady-state conditions 
and its surface heat flux is maintained at 90% of 
the critical heat flux, what is its temperature T? 
What is the total power dissipation if the chip 
width is L. = 20 mm on a side? 


(b) If the tube diameter is D = 30 mm and its surface 
is maintained at T, = 25°C by the water, what 
tube length L is required to maintain the desig- 
nated conditions? 

A condenser-boiler section contains a 2-m X 2-m 


copper plate operating at a uniform temperature of 
T, = 100°C and separating saturated steam, which is 
condensing, from a saturated liquid-X, which experi- 
ences nucleate pool boiling. A portion of the boiling 
curve for liquid-X is shown as follows. Both saturated 
steam and saturated liquid-X are supplied to the system, 
while water condensate and vapor-X are removed by 
means not shown in the sketch. At a pressure of 1 bar, 
fluid-X has a saturation temperature and a latent heat of 
vaporization of T,..= 80°C and hy = 700,000 J/kg, 
respectively. 
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(a) Estimate the rates of evaporation and condensa- 
tion (kg/s) for the two fluids. 


(b) Determine the saturation temperature T,,, and 
pressure p for the steam, assuming that film con- 
densation occurs. 


A thin-walled cylindrical container of diameter D and 
height L is filled to a height y with a low boiling point 
liquid (A) at T,.4. The container is located in a large 
chamber filled with the vapor of a high boiling point 
fluid (B). Vapor-B condenses into a laminar film on the 
outer surface of the cylindrical container, extending 
from the location of the liquid-A free surface. The con- 
densation process sustains nucleate boiling in liquid-A 
along the container wall according to the relation g” = 
C(T, — Ty)’, Where C is a known empirical constant. 
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(a) For the portion of the wall covered with the con- 
densate film, derive an equation for the average 
temperature of the container wall, T,. Assume that 
the properties of fluids A and B are known. 


(b) At what rate is heat supplied to liquid-A? 


(c) Assuming the container is initially filled com- 
pletely with liquid, that is, y= ZL, derive an 
expression for the time required to evaporate all 
the liquid in the container. 


It has been proposed that the very hot air trapped inside 
the attic of a house in the summer may be used as the 
energy source for a passive water heater installed in the 
attic. Energy costs associated with heating the cool 
water and air conditioning the house are both reduced. 
Ten thermosyphons, similar to that of Problem 10.73, 
are inserted in the bottom of a well-insulated water 


heater. Each thermosyphon has a condensing section 
that is L, = 50 mm long, an insulated section that is of 
length L;=40mm, and a boiling section that is 
L, = 30mm long. The diameter of each thermosyphon 
is D = 20mm. The working fluid within the thermo- 
syphons is water at a pressure of p = 0.047 bars. 


(a) Determine the heating rate delivered by the 10 
thermosyphons when boiling occurs at 25% of the 
CHF. What are the mean temperatures of the boil- 
ing and condensing sections? 


(b) At night the attic air temperature drops below the 
temperature of the water. Estimate the heat loss 
from the hot water tank to the cool attic, assuming 
losses through the tank insulation are negligible 
and the stainless steel tube wall thickness of each 
thermosyphon is very small. 


Heat Exchangers 


672 


Chapter 11 = Heat Exchangers 


T.. process of heat exchange between two fluids that are at different temperatures and 
separated by a solid wall occurs in many engineering applications. The device used to 
implement this exchange is termed a heat exchanger, and specific applications may be 
found in space heating and air-conditioning, power production, waste heat recovery, and 
chemical processing. 

In this chapter our objectives are to introduce performance parameters for assessing the 
efficacy of a heat exchanger and to develop methodologies for designing a heat exchanger 
or for predicting the performance of an existing exchanger operating under prescribed 
conditions. 


11.1 Heat Exchanger Types 


Heat exchangers are typically classified according to flow arrangement and type of construc- 
tion. The simplest heat exchanger is one for which the hot and cold fluids move in the same 
or opposite directions in a concentric tube (or double-pipe) construction. In the parallel-flow 
arrangement of Figure 11.1a, the hot and cold fluids enter at the same end, flow in the same 
direction, and leave at the same end. In the counterflow arrangement of Figure 11.1b, the 
fluids enter at opposite ends, flow in opposite directions, and leave at opposite ends. 
Alternatively, the fluids may move in cross flow (perpendicular to each other), as shown 
by the finned and unfinned tubular heat exchangers of Figure 11.2. The two configurations 
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Figure 11.2 Cross-flow heat exchangers. (a) Finned with both fluids unmixed. (6) Unfinned 
with one fluid mixed and the other unmixed. 
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Tube 
outlet 


I 


inlet Baffles 


Ficure 11.3 Shell-and-tube heat 
| exchanger with one shell pass and one 
Shell Tube tube pass (cross-counterflow mode of 
outlet inlet operation). 


are typically differentiated by an idealization that treats fluid motion over the tubes as 
unmixed or mixed. In Figure 11.2a, the cross-flowing fluid is said to be unmixed because the 
fins inhibit motion in a direction (y) that is transverse to the main-flow direction (x). In this 
case the cross-flowing fluid temperature varies with x and y. In contrast, for the unfinned 
tube bundle of Figure 11.2, fluid motion, hence mixing, in the transverse direction is possi- 
ble, and temperature variations are primarily in the main-flow direction. Since the tube flow 
is unmixed in either heat exchanger, both fluids are unmixed in the finned exchanger, while 
the cross-flowing fluid is mixed and the tube fluid is unmixed in the unfinned exchanger. 
The nature of the mixing condition influences heat exchanger performance. 

Another common configuration is the shell-and-tube heat exchanger [1]. Specific 
forms differ according to the number of shell-and-tube passes, and the simplest form, 
which involves single tube and shell passes, is shown in Figure 11.3. Baffles are usually 
installed to increase the convection coefficient of the shell-side fluid by inducing turbulence 
and a cross-flow velocity component relative to the tubes. In addition, the baffles physically 
support the tubes, reducing flow-induced tube vibration. Baffled heat exchangers with one 
shell pass and two tube passes and with two shell passes and four tube passes are shown in 
Figures 11.4a and 11.45, respectively. 


\ | inlet 


Tube outlet 


Tube inlet 


| inlet 


Tube outlet 


Ficure 11.4 Shell-and-tube heat 
exchangers. (a) One shell pass and two 


Tube inlet 


| tube passes. (b) Two shell passes and 
Shell outlet 
(b) four tube passes. 
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Circular tube | 
Circular : 


(c) 


Ficure 11.5 Compact heat exchanger cores. (a) Fin—-tube (flat tubes, continuous plate fins). 
(b) Fin-tube (circular tubes, continuous plate fins). (c) Fin—-tube (circular tubes, circular fins). 
(d) Plate—fin (single pass). (e) Plate—fin (multipass). 


A special and important class of heat exchangers is used to achieve a very large 
(= 400 m’*/m? for liquids and = 700 m’/m? for gases) heat transfer surface area per unit 
volume. Termed compact heat exchangers, these devices have dense arrays of finned tubes 
or plates and are typically used when at least one of the fluids is a gas, and is hence charac- 
terized by a small convection coefficient. The tubes may be flat or circular, as in Figures 
11.5a and 11.5b, c, respectively, and the fins may be plate or circular, as in Figures 11.5a, b, 
and 11.5c, respectively. Parallel-plate heat exchangers may be finned or corrugated and 
may be used in single-pass (Figure 11.5d) or multipass (Figure 11.5e) modes of operation. 
Flow passages associated with compact heat exchangers are typically small (D, = 5 mm), 
and the flow is usually laminar. 


11.2) The Overall Heat Transfer Coefficient 


An essential, and often the most uncertain, part of any heat exchanger analysis is determi- 
nation of the overall heat transfer coefficient. Recall from Equation 3.19 that this coeffi- 
cient is defined in terms of the total thermal resistance to heat transfer between two fluids. 
In Equations 3.18 and 3.36, the coefficient was determined by accounting for conduction 
and convection resistances between fluids separated by composite plane and cylindrical 
walls, respectively. For a wall separating two fluid streams, the overall heat transfer coeffi- 
cient may be expressed as 


1 1 1 1 
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where c and h refer to the cold and hot fluids, respectively. Note that calculation of the UA 
product does not require designation of the hot or cold side (U.A, = U,,A,). However, 
calculation of an overall coefficient depends on whether it is based on the cold or hot side 
surface area, since U, # U,, if A, # A; The conduction resistance R,, is obtained from 
Equation 3.6 for a plane wall or Equation 3.33 for a cylindrical wall. 

It is important to acknowledge, however, that Equation 11.la applies only to clean, 
unfinned surfaces. During normal heat exchanger operation, surfaces are often subject to 
fouling by fluid impurities, rust formation, or other reactions between the fluid and the wall 
material. The subsequent deposition of a film or scale on the surface can greatly increase the 
resistance to heat transfer between the fluids. This effect can be treated by introducing an addi- 
tional thermal resistance in Equation 11.1a, termed the fouling factor, Ry. Its value depends on 
the operating temperature, fluid velocity, and length of service of the heat exchanger. 

In addition, we know that fins are often added to surfaces exposed to either or both flu- 
ids and that, by increasing the surface area, they reduce the overall resistance to heat trans- 
fer. Accordingly, with inclusion of surface fouling and fin (extended surface) effects, the 
overall heat transfer coefficient is modified as follows: 


1 1 Rye Rin 1 
= os se JR = + 
UA (,hA). (1, A). (9,A)y (n,NA)y 


Although representative fouling factors (R) are listed in Table 11.1, the factor is a 
variable during heat exchanger operation (increasing from zero for a clean surface, as 
deposits accumulate on the surface). Comprehensive discussions of fouling are provided in 
References 2 through 4. 

The quantity 7, in Equation 11.1b is termed the overall surface efficiency or temperature 
effectiveness of a finned surface. It is defined such that, for the hot or cold surface without 
fouling, the heat transfer rate is 


(11.1b) 


q = 0, hA(T, — Ta.) (11.2) 


where T, is the base surface temperature (Figure 3.21) and A is the total (fin plus exposed 
base) surface area. The quantity was introduced in Section 3.6.5, and the following expres- 
sion was derived: 


Ay 
Rol a —) (11.3) 


where A, is the entire fin surface area and 1; is the efficiency of a single fin. To be consis- 
tent with the nomenclature commonly used in heat exchanger analysis, the ratio of fin 
surface area to the total surface area has been expressed as A;/A. This representation differs 


TABLE 11.1 Representative Fouling Factors [1] 


Fluid R§ (m? - K/W) 
Seawater and treated boiler feedwater (below 50°C) 0.0001 
Seawater and treated boiler feedwater (above 50°C) 0.0002 
River water (below 50°C) 0.0002-0.001 
Fuel oil 0.0009 
Refrigerating liquids 0.0002 


Steam (nonoil bearing) 0.0001 
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from that of Section 3.6.5, where the ratio is expressed as NA,/A,, with Ay representing the 
area of a single fin and A, the total surface area. If a straight or pin fin of length L 
(Figure 3.17) is used and an adiabatic tip is assumed, Equations 3.81 and 3.91 yield 


= tanh (mL) 


1 = (11.4) 


where m = (2h/kt)'”” and t is the fin thickness. For several common fin shapes, the effi- 
ciency may be obtained from Table 3.5. 

Note that, as written, Equation 11.2 corresponds to negligible fouling. However, if foul- 
ing is significant, the convection coefficient in Equation 11.2 must be replaced by a partial 
overall heat transfer coefficient of the form U, = h/(1 + hR;). In contrast to Equation 11.1b, 
which provides the overall heat transfer coefficient between the hot and cold fluids, U, is 
termed a partial coefficient because it only includes the convection coefficient and fouling 
factor associated with one fluid and its adjoining surface. Partial coefficients for the hot 
and cold sides are then U,,,, = h,/(1 + h,,R;,) and U,,. = h/(. + h.R;,), respectively. Equa- 
tion 11.3 may still be used to evaluate 7, for the hot and/or cold side, ‘but U,, must be used in 
lieu of h to evaluate the corresponding fin efficiency. Moreover, it is readily shown that the 
second and fourth terms on the right-hand side of Equation 11.1b may be deleted if the con- 
vection coefficients in the first and fifth terms are replaced by U,,.. and U,,,,, respectively. 

The wall conduction term in Equation 11.1a or 11.1b may often be neglected, since a 
thin wall of large thermal conductivity is generally used. Also, one of the convection coef- 
ficients is often much smaller than the other and hence dominates determination of the 
overall coefficient. For example, if one of the fluids is a gas and the other is a liquid or a 
liquid—vapor mixture experiencing boiling or condensation, the gas-side convection coeffi- 
cient is much smaller. It is in such situations that fins are used to enhance gas-side convec- 
tion. Representative values of the overall coefficient are summarized in Table 11.2. 

For the unfinned, tubular heat exchangers of Figures 11.1 through 11.4, Equation 11.1b 
reduces to 
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where subscripts i and o refer to inner and outer tube surfaces (A; = 7D,L, A, = 7D,L), 
which may be exposed to either the hot or the cold fluid. 


TABLE 11.2 Representative Values of the Overall Heat Transfer Coefficient 


Fluid Combination U (Wim? - K) 
Water to water 850-1700 
Water to oil 110-350 
Steam condenser (water in tubes) 1000-6000 
Ammonia condenser (water in tubes) 800-1400 
Alcohol condenser (water in tubes) 250-700 


Finned-tube heat exchanger (water in tubes, air in cross flow) 25-50 
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The overall heat transfer coefficient may be determined from knowledge of the hot 
and cold fluid convection coefficients and fouling factors and from appropriate geometric 
parameters. For unfinned surfaces, the convection coefficients may be estimated from 
correlations presented in Chapters 7 and 8. For standard fin configurations, the coefficients 
may be obtained from results compiled by Kays and London [5]. 


11.3 Heat Exchanger Analysis: Use of the Log Mean 
Temperature Difference 


To design or to predict the performance of a heat exchanger, it is essential to relate the total 
heat transfer rate to quantities such as the inlet and outlet fluid temperatures, the overall heat 
transfer coefficient, and the total surface area for heat transfer. Two such relations may 
readily be obtained by applying overall energy balances to the hot and cold fluids, as shown 
in Figure 11.6. In particular, if g is the total rate of heat transfer between the hot and cold 
fluids and there is negligible heat transfer between the exchanger and its surroundings, as 
well as negligible potential and kinetic energy changes, application of the steady flow 
energy equation, Equation 1.12d, gives 


0 Ui atic) (11.6a) 
and 
Ca Ties a tee (11.7a) 


where / is the fluid enthalpy. The subscripts / and c refer to the hot and cold fluids, whereas the 
subscripts 7 and o designate the fluid inlet and outlet conditions. If the fluids are not undergoing 
a phase change and constant specific heats are assumed, these expressions reduce to 


Geer Un alae) (11.6b) 
and 
q@= mc, T, = Te) (11.7b) 


where the temperatures appearing in the expressions refer to the mean fluid temperatures at 
the designated locations. Note that Equations 11.6 and 11.7 are independent of the flow 
arrangement and heat exchanger type. 

Another useful expression may be obtained by relating the total heat transfer rate q to 
the temperature difference AT between the hot and cold fluids, where 


ATS=T 7, (11.8) 


Such an expression would be an extension of Newton’s law of cooling, with the overall 
heat transfer coefficient U used in place of the single convection coefficient h. However, 
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since AT varies with position in the heat exchanger, it is necessary to work with a rate 
equation of the form 


q = UAAT,, (11.9) 
where AT,,, is an appropriate mean temperature difference. Equation 11.9 may be used with 
Equations 11.6 and 11.7 to perform a heat exchanger analysis. Before this can be done, 
however, the specific form of AT, must be established. 


11.3.1 The Parallel-Flow Heat Exchanger 


The hot and cold mean fluid temperature distributions associated with a parallel-flow heat 
exchanger are shown in Figure 11.7. The temperature difference AT is initially large but 
decays with increasing x, approaching zero asymptotically. It is important to note that, for 
such an exchanger, the outlet temperature of the cold fluid never exceeds that of the hot 
fluid. In Figure 11.7 the subscripts 1 and 2 designate opposite ends of the heat exchanger. 
This convention is used for all types of heat exchangers considered. For parallel flow, it fol- 
lows that T,; = Ty. Tio = Tho Tei = Te, and T.., = T.. 

The form of AT, may be determined by applying an energy balance to differential ele- 
ments in the hot and cold fluids. Each element is of length dx and heat transfer surface area 
dA, as shown in Figure 11.7. The energy balances and the subsequent analysis are subject 
to the following assumptions. 


1. The heat exchanger is insulated from its surroundings, in which case the only heat 
exchange is between the hot and cold fluids. 

. Axial conduction along the tubes is negligible. 

. Potential and kinetic energy changes are negligible. 


. The fluid specific heats are constant. 


nan bk WwW NY 


. The overall heat transfer coefficient is constant. 
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FicurE 11.7 Temperature distributions 
x for a parallel-flow heat exchanger. 
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The specific heats may of course change as a result of temperature variations, and the over- 
all heat transfer coefficient may change because of variations in fluid properties and flow 
conditions. However, in many applications such variations are not significant, and it is rea- 


sonable to work with average values of c,., c,,, and U for the heat exchanger. 


Applying an energy balance to each of the differential elements of Figure 11.7, it fol- 
lows that 


dq = IMC p aT, = —C,, aT, (11.10) 
and 
dq = m.c,, aT, = C,aT, (11.11) 


where C,, and C, are the hot and cold fluid heat capacity rates, respectively. These expres- 
sions may be integrated across the heat exchanger to obtain the overall energy balances 
given by Equations 11.6b and 11.7b. The heat transfer across the surface area dA may also 
be expressed as 


dq = UATdA (11.12) 


where AT = T,, — T. is the local temperature difference between the hot and cold fluids. 
To determine the integrated form of Equation 11.12, we begin by substituting Equa- 
tions 11.10 and 11.11 into the differential form of Equation 11.8 


d(AT) = dT, — aT, 


to obtain 


d(AT) = —dq (2 + 1) 
h c 


Substituting for dg from Equation 11.12 and integrating across the heat exchanger, we 


obtain 
? d(AT) ( 11 lg 
=—U + dA 
il AT Ci; CG 1 


AT faci 
1 = A + 11.1 
0 2) : (2 C, Mees) 


Substituting for C;, and C, from Equations 11.6b and 11.7b, respectively, it follows that 


AT, 23 Th = Lie F Te _ T.; 
io (2) = un (Tag Be Bas 


or 


us (Th. T..;) (Tho T..) | 
Recognizing that, for the parallel-flow heat exchanger of Figure 11.7, AT, = (7); — T..;) 
and AT, = (T;,, — T,.,), we then obtain 


AT, — AT, 
In (AT,/AT,) 


q= 
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Comparing the above expression with Equation 11.9, we conclude that the appropriate 
average temperature difference is a log mean temperature difference, AT,,,. Accordingly, 
we may write 


q = UA ATim (11.14) 
where 


AT, a AT, _ AT, =< AT, 


ATin = a 11.15 
mtn (ATYAT,) In (AT,/AT») (11.15) 
Remember that, for the parallel-flow exchanger, 
AT, Tht -_ T 4 - Thi _ T..; 
fe 7-727, = (11.16) 


Referring back to Section 8.3.3, it can be seen that there is a strong similarity between 
the preceding analysis and the analysis of internal tube flow in which heat transfer occurs 
between the flowing fluid and either a surface at constant temperature or an external fluid at 
constant temperature. For this reason, internal tube flow is sometimes referred to as a single 
stream heat exchanger. Equations 8.43 and 8.44 or Equations 8.45a and 8.46a are analo- 
gous to Equations 11.14 and 11.15. 


11.3.2 The Counterflow Heat Exchanger 


The hot and cold fluid temperature distributions associated with a counterflow heat 
exchanger are shown in Figure 11.8. In contrast to the parallel-flow exchanger, this config- 
uration provides for heat transfer between the hotter portions of the two fluids at one end, 
as well as between the colder portions at the other. For this reason, the change in the tem- 
perature difference, AT = T,, — T., with respect to x is nowhere as large as it is for the inlet 
region of the parallel-flow exchanger. Note that the outlet temperature of the cold fluid may 
now exceed the outlet temperature of the hot fluid. 


C,—> T,—> ldg i —T,,+ dT, mate 
ya Heat transfer 
ivi surface area 
Cc, <— <— | < 7, <— 
J 


FicureE 11.8 Temperature distributions 
x for a counterflow heat exchanger. 
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Equations 11.6b and 11.7b apply to any heat exchanger and hence may be used for the 
counterflow arrangement. Moreover, from an analysis like that performed in Section 
11.3.1, it may be shown that Equations 11.14 and 11.15 also apply. However, for the coun- 
terflow exchanger the endpoint temperature differences must now be defined as 

AT, _ Tha _ T. = Thi ~~ i 
ie = Tha — Toa = Tho ~ To cae 


Note that, for the same inlet and outlet temperatures, the log mean temperature difference 
for counterflow exceeds that for parallel flow, ATi, cp > ATim pp. Hence the surface area 
required to effect a prescribed heat transfer rate g is smaller for the counterflow than for the 
parallel-flow arrangement, assuming the same value of U. Also note that T,, can exceed 
T,,. for counterflow but not for parallel flow. 


11.3.3 Special Operating Conditions 


It is useful to note certain special conditions under which heat exchangers may be operated. 
Figure 11.9a shows temperature distributions for a heat exchanger in which the hot fluid has 
a heat capacity rate, C, = m,,c,,,, which is much larger than that of the cold fluid, C, = m,c,,.. 
For this case the temperature of the hot fluid remains approximately constant throughout 
the heat exchanger, while the temperature of the cold fluid increases. The same condition is 
achieved if the hot fluid is a condensing vapor. Condensation occurs at constant tempera- 
ture, and, for all practical purposes, C;,, > ©. Conversely, in an evaporator or a boiler 
(Figure 11.95), it is the cold fluid that experiences a change in phase and remains at a 
nearly uniform temperature (C, — ©). The same effect is achieved without phase change if 
C, < C,. Note that, with condensation or evaporation, the heat rate is given by Equation 
11.6a or 11.7a, respectively. Conditions illustrated in Figure 11.9a or 11.96 also character- 
ize an internal tube flow (or single stream heat exchanger) exchanging heat with a surface 
at constant temperature or an external fluid at constant temperature. 

The third special case (Figure 11.9c) involves a counterflow heat exchanger for which 
the heat capacity rates are equal (C,, = C.). The temperature difference AT must then be 
constant throughout the exchanger, in which case AT, = AT, = AT,,,. 

Although flow conditions are more complicated in multipass and cross-flow heat 
exchangers, Equations 11.6, 11.7, 11.14, and 11.15 may still be used if modifications are 
made to the definition of the log mean temperature difference [6]. 


Cy >> C. C,, << Cor 
or a condensing an evaporating 
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. ; 7 ie) FicurE 11.9 Special heat exchanger 

AT, = AT, conditions. (a) C;, > C, or a condensing 
a vapor. (b) An evaporating liquid or 
C, < C,. (c) A counterflow heat 
1 x 2 1 x 2 1 x 2 exchanger with equivalent fluid heat 
(a) (b) (c) capacities (C;, = C,). 


GC Methodologies for using the LMTD method for other heat exchanger types are included in Section 118.1. 
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EXAMPLE 11.1 


A counterflow, concentric tube heat exchanger is used to cool the lubricating oil for a large 
industrial gas turbine engine. The flow rate of cooling water through the inner tube 
(D; = 25 mm) is 0.2 kg/s, while the flow rate of oil through the outer annulus (D, = 45 mm) 
is 0.1 kg/s. The oil and water enter at temperatures of 100 and 30°C, respectively. How long 
must the tube be made if the outlet temperature of the oil is to be 60°C? 


SOLUTION 


Known: Fluid flow rates and inlet temperatures for a counterflow, concentric tube heat 
exchanger of prescribed inner and outer diameter. 


Find: Tube length to achieve a desired hot fluid outlet temperature. 


Schematic: 


T,;= 100°C 


thy, = 0.1 kes 


wees i= D,= Ty,9 = 60°C 
1 25mm 45 mm m, = 0.2 kg/s 


Water 
=r ft 


I 
UL x 


Al 
Il 
Led 


Assumptions: 
1. Negligible heat loss to the surroundings. 
. Negligible kinetic and potential energy changes. 
. Constant properties. 
. Negligible tube wall thermal resistance and fouling factors. 


nan bh WwW N 


. Fully developed conditions for the water and oil (U independent of x). 


Properties: Table A.5, unused engine oil (T;, = 80°C = 353 K): c, = 2131 J/kg-K, w = 
3.25 X 10? N: ‘sim’, k = 0.138 W/m:K. Table A.6, water (T. ~ 35°C): Cc, = 4178 Jikg-K, 
f= 725 X 10 °N:shm’, k = 0.625 W/m: K, Pr = 4.85. 


Analysis: The required heat transfer rate may be obtained from the overall energy bal- 
ance for the hot fluid, Equation 11.6b. 


q = MCy (Tp; ~~ Lies) 
q = 0.1 kg/s X 2131 J/kg + K (100 — 60)°C = 8524 W 
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Applying Equation 11.7b, the water outlet temperature is 


8524 W . ‘ 
f= + = 40.2 
“(gneexaeiieek 


Accordingly, use of T. = 35°C to evaluate the water properties was a good choice. The 
required heat exchanger length may now be obtained from Equation 11.14, 


q = UA ATi 
where A = 77D,L and from Equations 11.15 and 11.17 


Tye To) — ie = he _ 
AT, _ ( hi co) ( h,o =) _ 59.8 30 _ 43.2°C 
In (Ti — Te! (Tro — Te] In (59.8/30) 


From Equation 11.5 the overall heat transfer coefficient is 


_ 1 
= (1/h,) + (1/h,) 


For water flow through the tube, 
_— 4m, _ 4 X 0.2 kg/s 
mDi@ ~—- (0.025 m)725 X 10° °N - s/m? 


Rep = 14,050 


Accordingly, the flow is turbulent and the convection coefficient may be computed from 
Equation 8.60 


Nup = 0.023 Res? Pr°* 
Nup = 0.023 (14,050)“° (4.85)°* = 90 


Hence 


k _ 90 X 0.625 W/m-K 
D, 0.025 m 


I 


h; = Nup = 2250 W/m*:K 


For the flow of oil through the annulus, the hydraulic diameter is, from Equation 8.71, 
D, = D, — D; = 0.02 m, and the Reynolds number is 


— pu,,D,, _ p(D, ~~ Di) x My 
Me v p(D> — D?)/4 
= 4m, _ 4X 0.1 kg/s 
m(D,+ Dj) 70.045 + 0.025) m X 3.25 X 10°? kg/s:m 


Rep 


= 56.0 


Rep 


The annular flow is therefore laminar. Assuming uniform temperature along the inner surface 
of the annulus and a perfectly insulated outer surface, the convection coefficient at the inner 
surface may be obtained from Table 8.2. With (D,/D,) = 0.56, linear interpolation provides 


_ h,Dy, 


Nu; 
U; z 


= 5.63 
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and 


= 0.138 W/m: K _ 2s 
h, = 5.63 0.020 m 38.8 W/m* - K 


The overall convection coefficient is then 


1 


v= : ss = 38.1 Wim*+ K 
(1/2250 W/m* + K) + (1/38.8 W/m": K) 
and from the rate equation it follows that 
— oa = 65.9m < 


L — 
UmD,; AT,, 38.1 W/m?> K 7 (0.025 m) (43.2°C) 


Comments: 


1. The hot side convection coefficient controls the rate of heat transfer between the two 
fluids, and the low value of h, is responsible for the large value of L. Incorporation of 
heat transfer enhancement methods, such as described in Section 8.7, could be used to 
decrease the size of the heat exchanger. 


2. Because h;>h,, the tube wall temperature will follow closely that of the coolant 
water. Accordingly, the assumption of uniform wall temperature, which is inherent in 
the use of Table 8.2 to obtain h,, is reasonable. 


(a 


EXAMPLE 11.2 

SSE a 

The counterflow, concentric tube heat exchanger of Example 11.1 is replaced with a compact, 
plate-type heat exchanger that consists of a stack of thin metal sheets, separated by N gaps of 
width a. The oil and water flows are subdivided into N/2 individual flow streams, with the oil 
and water moving in opposite directions within alternating gaps. It is desirable for the stack to 
be of a cubical geometry, with a characteristic exterior dimension L. Determine the exterior 
dimensions of the heat exchanger as a function of the number of gaps if the flow rates, inlet 
temperatures, and desired oil outlet temperature are the same as in Example 11.1. Compare 
the pressure drops of the water and oil streams within the plate-type heat exchanger to the 
pressure drops of the flow streams in Example 11.1, if 60 gaps are specified. 


SOLUTION 


Known: Configuration of a plate-type heat exchanger. Fluid flow rates, inlet tempera- 
tures, and desired oil outlet temperature. 


Find: 
1. Exterior dimensions of the heat exchanger. 


2. Pressure drops within the plate-type heat exchanger with N = 60 gaps, and the concen- 
tric tube heat exchanger of Example 11.1. 
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Schematic: 


é i T,,; = 100°C 


m, = 0.1 kg/s 


rae 


Oil Water 


Assumptions: 
1. Negligible heat loss to the surroundings. 
. Negligible kinetic and potential energy changes. 
. Constant properties. 
. Negligible plate thermal resistance and fouling factors. 
. Fully developed conditions for the water and oil. 
. Identical gap-to-gap heat transfer coefficients. 


NA BW WN 


. Heat exchanger exterior dimension is large compared to the gap width. 


Properties: See Example 11.1. In addition, Table A.5, unused engine oil (T,, = 353 K): 
p = 852.1 kg/m’. Table A.6, water (T, ~ 35°C): p = vu; | = 994 kg/m’. 


Analysis: 


1. The gap width may be related to the overall dimension of the heat exchanger by the 
expression a = L/N, and the total heat transfer area is A = L* (N — 1). Assuming a < L 
and the existence of laminar flow, the Nusselt number for each interior gap is provided 
in Table 8.1 and is 

hD 


Nup = — = 7.54 


From Equation 8.66, the hydraulic diameter is D, = 2a. Combining the preceding 
expressions yields for the water: 


h, = 7.54KN/2L = 7.54 X 0.625 W/m: K X N/2L = (2.36 W/m: K)N/L 
Likewise, for the oil: 

hy, = 7.54kKN/2L = 7.54 X 0.138 W/m: K X N/2L = (0.520 W/m: K)N/L 
and the overall convection coefficient is 


I 
Ih, + Ih, 


From Example 11.1, the required log mean temperature difference and heat transfer rate 
are AT,,, = 43.2°C and q = 8524 W, respectively. From Equation 11.14 it follows that 


C= 


_PW-)_ 4q 


UA 
1h, + Uh, AT mn 
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which may be rearranged to yield 


f= q ft 4 
AT (N—1) | hel hy 


= 8524 W 1 1 _ 463m 
43.2°C(N — 1)N | 2.36 W/m-K 0.520 W/m-K}| MN - 1) 


The size of the compact heat exchanger decreases as the number of gaps is increased, 
as shown in the figure below. 
1 


0.8 


0.6 


L(m) 


0.4 


0.2 


20 40 60 80 
Number of Gaps, NV 


2. For N = 60 gaps, the stack dimension is L = 0.131 m from the results of part 1, and 
the gap width is a = L/N = 0.131 m/60 = 0.00218 m. 
The hydraulic diameter is D, = 0.00436 m, and the mean velocity in each water- 
filled gap is 


mo 2 X 0.2 kg/s 
pL’/2 994 kg/m? X 0.131? m? 


= 0.0235 m/s 


Un 


providing a Reynolds number of 


__ PUmDy, _ 994 kg/m? X 0.0235 m/s X 0.00436 m _ 


Re 141 
te 725 X 10°° N= sim? 
For the oil-filled gaps 
; 2X 0.1 kg/ 
pa ~ 8° __ = 0.0137 m/s 

pL‘/2 852.1 kg/m? X 0.131° m* 
yielding a Reynolds number of 

D ; = 0) x0. 

R= pu,,D, 852.1 kg/m’ X 0.0137 m/s X 0.00436 m _ 1.57 


ae 3.25 X 10-7 N° s/m? 


Therefore, the flow is laminar for both fluids, as assumed in part 1. Equations 8.19 and 

8.22a may be used to calculate the pressure drop for the water: 

_ 64, pur, pes By 994 kg/m? X 0.02357 m7/s” 
Rep 2D, 141 2 X 0.00436 m 


Ap xX 0.131 m 


= 3.76 N/m? <J 
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Similarly, for the oil 


2 3 2. D2: 
64 pu, 64 _, 852.1 kg/m”? X 0.0137° m*/s 
Ap = : -L= x x 0.131 
P~ Re, 2D, 1.57 2 X 0.00436 m ene 
= 98.2 N/m? <J 


For Example 11.1, the friction factor associated with the water flow may be calcu- 
lated using Equation 8.21, and for a smooth surface condition is f = (0.790 In(14,050) — 
1.64) * = 0.0287. The mean velocity is u,, = 4m/(pm D?) = 4 X 0.2 kg/s/((994 kg/m? X 
a X 0.025?m’) = 0.410 m/s, and the pressure drop is 


pur, 994 kg/m? X 0.4107 m?/s? 
=f. -L=0. x x 65. 
Ap =f oD, L = 0.0287 0005 ai 65.9 m 
= 6310 N/m? <J 


For the oil flowing in the annular region, the mean velocity is u,, = 47n/[p7 
(D? — D?)] = 4 X 0.1 kg/s/[852.1 kg/m? X a X (0.0457 — 0.0257)m7] = 0.107 m/s, and 
the pressure drop is 


2 3 2272 
64 = —pu;, 64 ., 852.1 kg/m? X 0.107° m*/s 
Ap = . -L= x 65. 
P Rox OD. 56 2 x 0.020 m ae 
= 18,300 N/m? <J 
Comments: 


1. Increasing the number of gaps increases the UA product by simultaneously providing 
more surface area and increasing the heat transfer coefficients associated with the flow 
of the fluids through smaller passages. 


2. The area-to-volume ratio of the N = 60 heat exchanger is LN — W/L? = (N — 1)/ 
L = (60 — 1)/0.131 m = 451 m’/m’. 


3. The volume occupied by the concentric tube heat exchanger is V = m7 D?L/4 = 7 X 
0.045° m? X 65.9m/4 = 0.10m*, while the volume of the compact plate-type 
exchanger is V = L? = 0.131° m* = 0.0022 m’. Use of the plate-type heat exchanger 
results in a 97.8% reduction in volume relative to the conventional, concentric tube 
heat exchanger. 


4. The pressure drops associated with use of the compact heat exchanger are significantly 
less than for a conventional concentric tube configuration. Pressure drops are reduced 
by 99.9% and 99.5% for the water and oil flows, respectively. 


5. Fouling of the heat transfer surfaces may result in a decrease in the gap width, as well 
as an associated reduction in heat transfer rate and increase in pressure drop. 


6. Because h, > h,, the temperatures of the thin metal sheets will follow closely that of 
the water, and, as in Example 11.1, the assumption of uniform temperature conditions 
to obtain h, and h, is reasonable. 


7. One method to fabricate such a heat exchanger is presented in C. F. McDonald, Appl. 
Thermal Engin., 20, 471, 2000. 
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11.4 Heat Exchanger Analysis: The Effectiveness-NTU Method 


It is a simple matter to use the log mean temperature difference (LMTD) method of heat 
exchanger analysis when the fluid inlet temperatures are known and the outlet temperatures 
are specified or readily determined from the energy balance expressions, Equations 11.6b 
and 11.7b. The value of AT,,, for the exchanger may then be determined. However, if only 
the inlet temperatures are known, use of the LMTD method requires a cumbersome itera- 
tive procedure. It is therefore preferable to employ an alternative approach termed the 
effectiveness-NTU (or NTU) method. 


11.4.1 Definitions 


To define the effectiveness of a heat exchanger, we must first determine the maximum pos- 
sible heat transfer rate, Qmax, for the exchanger. This heat transfer rate could, in principle, 
be achieved in a counterflow heat exchanger (Figure 11.8) of infinite length. In such an 
exchanger, one of the fluids would experience the maximum possible temperature differ- 
ence, T,; — T,.;. To illustrate this point, consider a situation for which C, < C;,, in which 
case, from Equations 11.10 and 11.11, |aT,, > |dT,,. The cold fluid would then experience 
the larger temperature change, and since L — ©, it would be heated to the inlet temperature 
of the hot fluid (7.., = T),;). Accordingly, from Equation 11.7b, 


C. < CE dmax — CAT), j _ T..) 


Similarly, if C, << C,, the hot fluid would experience the larger temperature change and 
would be cooled to the inlet temperature of the cold fluid (7), = T.;). From Equation 11.6b, 
we then obtain 


C;, — C.: Qinax = CAT, i ~~ T...;) 
From the foregoing results we are then prompted to write the general expression 


= mAs — T.,) (11.18) 


max 


where Ci, is equal to C, or C;, whichever is smaller. For prescribed hot and cold fluid inlet 
temperatures, Equation 11.18 provides the maximum heat transfer rate that could possibly 
be delivered by an exchanger. A quick mental exercise should convince the reader that the 
maximum possible heat transfer rate is not equal to C,,,,(7),; — T,.). If the fluid having 
the larger heat capacity rate were to experience the maximum possible temperature change, 
conservation of energy in the form C,(T.., — T,.;) = C,(T),; — Th.) would require that the other 
fluid experience yet a larger temperature change. For example, if C,,,, = C, and one argues 
that it is possible for T’,, to be equal to T;,;, it follows that (J,; — T,,.) = (C/C,)(Th, — Tj), in 
which case (7); — T,,,,.) > (1; — T.,). Such a condition is clearly impossible. 

It is now logical to define the effectiveness, e, as the ratio of the actual heat transfer rate 
for a heat exchanger to the maximum possible heat transfer rate: 


q 


s= Gas (11.19) 
From Equations 11.6b, 11.7b, and 11.18, it follows that 
C;, Thi _ T, 0. 
e = Lina ~ Tho) (11.20) 


Cin ni _ T..;) 
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or 
CU, oo T. ‘) 
e= (11.21) 
Crrin(T yi _ T..;) 


By definition the effectiveness, which is dimensionless, must be in the range 0 = ¢ = 1. It 
is useful because, if ¢, T),;, and T.; are known, the actual heat transfer rate may readily be 
determined from the expression 


g— eC. i hy (E22) 
For any heat exchanger it can be shown that [5] 
Cri 
é =; (nru oe (11.23) 


where Cyin/Cmax 1s equal to C./C,, or C;,/C,, depending on the relative magnitudes of the hot 


and cold fluid heat capacity rates. The number of transfer units (NTU) is a dimensionless 
parameter that is widely used for heat exchanger analysis and is defined as 


UA 


min 


NTU = (11.24) 


11.4.2 Effectiveness-NTU Relations 


To determine a specific form of the effectiveness—NTU relation, Equation 11.23, consider a 
parallel-flow heat exchanger for which C,,;, = C,. From Equation 11.20 we then obtain 


= Thi 7 Tho 


= 11.2 
Ti, - LT, ( °) 


é 


and from Equations 11.6b and 11.7b it follows that 


Chin M,C ft rie = Tj 
aac sa a (11.26) 
Cras M,C Thi _ se 


c’p.c 


Now consider Equation 11.13, which may be expressed as 
Te es 
i ho co) UA 1+ niin 
Th, a Tj Crit Cine 


Tro ~ Feo NTU 1 + 2 11.37 
Th, ~~ T, = oP Crna ( ; ) 


Ct 


or from Equation 11.24 


Rearranging the left-hand side of this expression as 


Tho ~~ i Tho = Thi + Th. ~~ T, 


C0 c,0 
Thi = Le Thi ~ LT 


wl al 


and substituting for 7,., from Equation 11.26, it follows that 
Tho ~ Leg _ (Tho ~~ Thi) + (Thi ~ Tj) ~ (Cail Cra) ~~ Tho) 
Thi ~ T, Thi = ii 


cl Ck 
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or from Equation 11.25 


Lp T,. 
aE eel (& e=l-e (: + Corin 
Thi = Tj Craax Crnax 
Substituting the above expression into Equation 11.27 and solving for ¢, we obtain for the 
parallel-flow heat exchanger 


tC exp ie NTU[1 oF (Corie! Cone) |} 
e= 
Lect (Cain! Caan) 


(11.28a) 


Since precisely the same result may be obtained for Cyin = C., Equation 11.28a applies for 
any parallel-flow heat exchanger, irrespective of whether the minimum heat capacity rate is 
associated with the hot or cold fluid. 

Similar expressions have been developed for a variety of heat exchangers [5], and 
representative results are summarized in Table 11.3, where C,.is the heat capacity ratio 
C,. = Chin/Cnax- In deriving Equation 11.31a for a shell-and-tube heat exchanger with multi- 
ple shell passes, it is assumed that the total NTU is equally distributed between shell passes 
of the same arrangement, NTU = n(NTU),. In order to determine ¢, (NTU), would first be 
calculated using the heat transfer area for one shell, ¢; would then be calculated from Equa- 
tion 11.30a, and ¢ would finally be calculated from Equation 11.31a. Note that for C, = 0, 
as in a boiler, condenser, or single stream heat exchanger, ¢ is given by Equation 11.35a for 


TABLE 11.3 Heat Exchanger Effectiveness Relations [5] 


Flow Arrangement Relation 
Parallel fl _ 1—exp[-NTU( + C,)] 11.28 
arallel flow € [iG (11.28a) 
Sanna _ 1l—exp[-NTUC — C,)] CK<l 
eee © T—C,exp[-NTUC — C)] (= 1) 
_ NTU = 
€=TI NTU (C, = 1) (11.29a) 
Shell-and-tube 
21/2 1+ exp [—(NTU),C ca ard al “a 
One shell pass (2, 4, . . . tube passes) é)=2)1+C,+(+C,)" x eT (11.30a) 
1 —exp[—(NTU),(1 + C7)""] 
1-—e,C,\" 1—eC.V 
n Shell passes (2n, 4n, . . . tube passes) é= 1 C, (11.31a) 
l-e, l-e, 
Cross-flow (single pass) 
Both fluids unmixed e=1-exp (2) (NTU)? {exp [—C,(NTU)*8] — u| (11.32) 
Cynax (Mixed), Crip (unmixed) é= (2 Jo exp {—C,[1 — exp(—NTU)]}) (11.33a) 
Cyin (mixed), C,,,, (unmixed) €=1-—exp(—C,'{1—exp[-—C,(NTU)]}) (11.34a) 


All exchangers (C, = 0) é = 1 — exp(—NTU) (11.35a) 
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all flow arrangements. Hence, for this special case, it follows that heat exchanger behavior 
is independent of flow arrangement. For the cross-flow heat exchanger with both fluids 
unmixed, Equation 11.32 is exact only for C. = 1. However, it may be used to a good 
approximation for all 0 < C, = 1. For C, = 0, Equation 11.35a must be used. 
In heat exchanger design calculations (Section 11.5), it is more convenient to work 
with e—NTU relations of the form 
NTU = iC Gas | 


Crnax 


Explicit relations for NTU as a function of ¢ and C, are provided in Table 11.4. Note that 
Equation 11.32 may not be manipulated to yield a direct relationship for NTU as a function 
of ¢ and C,. Note also that to determine the NTU for a shell-and-tube heat exchanger with 
multiple shell passes, ¢ would first be calculated for the entire heat exchanger. The vari- 
ables F and ¢, would then be calculated using Equations 11.31c and 11.31b, respectively. 
The parameter E would subsequently be determined from Equation 11.30c and substituted 
into Equation 11.30b to find (NTU),. Finally, this result would be multiplied by n to obtain 
the NTU for the entire exchanger, as indicated in Equation 11.31d. 

The foregoing expressions are represented graphically in Figures 11.10 through 11.15. 
When using Figure 11.13, the abscissa corresponds to the total number of transfer units, 


TABLE 11.4 Heat Exchanger NTU Relations 


Flow Arrangement 


Relation 


Parallel flow 


Counterflow 


Shell-and-tube 


One shell pass 
(2, 4, .. . tube passes) 


n Shell passes 
(2n, 4n, .. . tube passes) 


Cross-flow (single pass) 


Crax (Mixed), C,,;, (unmixed) 


Cin (Mixed), Crax (unmixed) 


All exchangers (C, = 0) 


Infl—e(1+C)] 


NTU = me (11.28b) 
NTu =! in( 2! (C.<1) 
Cai Ges1 r 
NTU = £. (C.= 1) (11.29b) 
(NTU), =—(1 + C2)” n{ £71 (11.30b) 
: % E+1 . 
ie 1 ey 
we (11.30c) 
(ey 
Use Equations 11.30b and 11.30c with 
=Fa1 pi (271 nary = pantu 11.31b, ¢, d 
é| F=c. a= = n( )1 (11. ,¢, d) 
NTU = nf (2 ) In(1 20)| (11.33b) 
NTU =- (2) In[C.In(l — 2) + 1] (11.34b) 
NTU = — In(1 — 2) (11.35b) 
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NTU NTU 
FicurE 11.10 Effectiveness of a parallel- FicurE 11.11 Effectiveness of a 
flow heat exchanger (Equation 11.28). counterflow heat exchanger (Equation 11.29). 


w= Tg OCT 5 
Thi | dag 
| | > Too or Tho 
——— T,,; or Ty, ; << T,,; OF Thi 
Tho or f, oO 
10 
0.8 
0.6 
w 
0.4 f 
0.2 
6) 
6) 1 2 3 4 5 
NTU NTU 
Ficure 11.12 Effectiveness of a shell-and- FicurE 11.13 Effectiveness of a shell-and- 
tube heat exchanger with one shell and any tube heat exchanger with two shell passes and 
multiple of two tube passes (two, four, etc., any multiple of four tube passes (four, eight, 


tube passes) (Equation 11.30). etc., tube passes) (Equation 11.31 with n = 2). 
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T,,; or T;,; —> — TT. T),, T,,; or T;, ; —> —> T,, oT), 


Ficure 11.14 Effectiveness of a single- FicurE 11.15 Effectiveness of a single- 

pass, cross-flow heat exchanger with both pass, cross-flow heat exchanger with one fluid 

fluids unmixed (Equation 11.32). mixed and the other unmixed (Equations 
11.33, 11.34). 


NTU = n(NTU),. For Figure 11.15 the solid curves correspond to C,, mixed and Chay 
unmixed, while the dashed curves correspond to C,,;, unmixed and C,,,, mixed. Note that 
for C, = 0, all heat exchangers have the same effectiveness, which may be computed from 
Equation 11.35a. Moreover, if NTU = 0.25, all heat exchangers have approximately the 
same effectiveness, regardless of the value of C,, and e may again be computed from Equa- 
tion 11.35a. More generally, for C, > 0 and NTU = 0.25, the counterflow exchanger is the 
most effective. For any exchanger, maximum and minimum values of the effectiveness are 
associated with C, = 0 and C, = 1, respectively. 

As noted previously, in the context of cross-flow heat exchangers, the terms mixed and 
unmixed are idealizations representing limiting cases of actual flow conditions. That is, most 
flows are neither completely mixed nor unmixed, but exhibit partial degrees of mixing. This 
issue has been addressed by DiGiovanni and Webb [7], and algebraic expressions have been 
developed to determine the e—NTU relationship for arbitrary values of partial mixing. 

We also note that both the LMTD and e—NTU methods approach heat exchanger 
analysis from a global perspective and provide no information concerning conditions 
within the exchanger. Although flow and temperature variations within a heat exchanger 
may be determined using commercial CFD (computational fluid dynamic) computer codes, 
simpler numerical procedures may be adopted. Such procedures have been applied by 
Ribando et al. to determine temperature variations in concentric tube and shell-and-tube 
heat exchangers [8]. 
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EXAMPLE 11.3 


Hot exhaust gases, which enter a finned-tube, cross-flow heat exchanger at 300°C and leave 
at 100°C, are used to heat pressurized water at a flow rate of | kg/s from 35 to 125°C. The 
overall heat transfer coefficient based on the gas-side surface area is U, = 100 W/m*:K. 
Determine the required gas-side surface area A,, using the NTU method. 


SOLUTION 


Known: Inlet and outlet temperatures of hot gases and water used in a finned-tube, cross- 
flow heat exchanger. Water flow rate and gas-side overall heat transfer coefficient. 


Find: Required gas-side surface area. 


Schematic: 
Finned-tube, cross-flow 
a heat exchanger, 
U;, = 100 W/m?.K P 
| Both fluids unmixed T),,, = 300°C 
| 
Lee, 
P| 
Assumptions: 


1. Negligible heat loss to the surroundings and kinetic and potential energy changes. 
2. Constant properties. 


Properties: Table A.6, water (J. = 80°C): Cpe = 4197 J/kg: K. 


Analysis: The required surface area may be obtained from knowledge of the number of 
transfer units, which, in turn, may be obtained from knowledge of the ratio of heat capacity 
rates and the effectiveness. To determine the minimum heat capacity rate, we begin by 
computing 
C. = My = 1kg/s X 4197 J/kg» K = 4197 W/K 

Since m,, is not specified, C,, is obtained by combining the overall energy balances, Equa- 
tions 11.6b and 11.7b: 

T, 


‘ Co. T.; 125 a 35 
C, = myc, = C. 2 —! = 4197 
i es ee 300 — 100 


= 1889 W/K = Coin 


From Equation 11.18 
Amex = Cmin(Tn; — Te) = 1889 W/K (300 — 35)°C = 5.00 X 10° W 
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From Equation 11.7b the actual heat transfer rate is 
q = CAT 9 — T,) = 4197 WK (125 — 35)°C 
q = 3.78 X 10°W 

Hence from Equation 11.19 the effectiveness is 


q _ 3.78 X 10°W 


= = 0.755 
dmx 5.00 <X 10°W 
With 
Cini 1889 
=——=0.4 
Cax 4197 OS 
it follows from Figure 11.14 that 
U,A 
NTU = —*= = 2.0 
or 
2.001 W/K 
l= pies? MN) = 378 a? J 
100 W/m? - K 
Comments: 


1. Equation 11.32 may be solved iteratively or by trial and error to yield NTU = 2.0, 
which is in excellent agreement with the estimate obtained from the charts. 


2. With the heat exchanger sized (A,, = 37.8 m’) and placed into operation, its actual per- 
formance is subject to uncontrolled variations in the exhaust gas inlet temperature 
(200 = T,,; = 400°C) and to gradual degradation of the heat exchanger surfaces due to 
fouling (U,, decreasing from 100 to 60 W/m*:K). For a fixed value of Cyin = C, = 
1889 W/K, the reduction in U;, corresponds to a reduction in the NTU (to NTU = 1.20) 
and hence to a reduction in the heat exchanger effectiveness, which can be computed 
from Equation 11.32. The effect of the variations on the water outlet temperature has 
been computed and is plotted as follows: 


80 


60 


40 
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If the intent is to maintain a fixed water outlet temperature of 7... = 125°C, adjust- 
ments in the flow rates, m, and m,, could be made to compensate for the variations. 
The model equations could be used to determine the adjustments and hence as a basis 
for designing the requisite controller. 


11.5 Heat Exchanger Design and Performance Calculations 


Two general types of heat exchanger problems are commonly encountered by the practic- 
ing engineer. 

In the heat exchanger design problem, the fluid inlet temperatures and flow rates, as 
well as a desired hot or cold fluid outlet temperature, are prescribed. The design problem is 
then one of specifying a specific heat exchanger type and determining its size—that is, the 
heat transfer surface area A—required to achieve the desired outlet temperature. The design 
problem is commonly encountered when a heat exchanger is to be custom-built for a specific 
application. Alternatively, in a heat exchanger performance calculation, an existing heat 
exchanger is analyzed to determine the heat transfer rate and the fluid outlet temperatures for 
prescribed flow rates and inlet temperatures. The performance calculation is commonly 
associated with the use of off-the-shelf heat exchanger types and sizes available from a 
vendor. 

For heat exchanger design problems, the NTU method may be used by first calculating 
é and (Ciin/Cmax)- The appropriate equation (or chart) may then be used to obtain the NTU 
value, which in turn may be used to determine A. For a performance calculation, the NTU and 
(Crnin/Cmax) Values may be computed and ¢ may then be determined from the appropriate 
equation (or chart) for a particular exchanger type. Since dmx May also be computed from 
Equation 11.18, it is a simple matter to determine the actual heat transfer rate from the 
requirement that g = €q,,x. Both fluid outlet temperatures may then be determined from 
Equations 11.6b and 11.7b. 


EXAMPLE 11.4 


Consider the heat exchanger design of Example 11.3, that is, a finned-tube, cross-flow 
heat exchanger with a gas-side overall heat transfer coefficient and area of 100 W/m?:K 
and 40 m’, respectively. The water flow rate and inlet temperature remain at 1 kg/s and 
35°C. However, a change in operating conditions for the hot gas generator causes the 
gases to now enter the heat exchanger with a flow rate of 1.5 kg/s and a temperature of 
250°C. What is the rate of heat transfer by the exchanger, and what are the gas and water 
outlet temperatures? 


SOLUTION 


Known: Hot and cold fluid inlet conditions for a finned-tube, cross-flow heat exchanger 
of known surface area and overall heat transfer coefficient. 


Find: Heat transfer rate and fluid outlet temperatures. 
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Schematic: 


Ty,, = 250°C 


A, = 40 m? 
U;, = 100 W/m*+K 


Assumptions: 
1. Negligible heat loss to surroundings and kinetic and potential energy changes. 


2. Constant properties (unchanged from Example 11.3). 


Analysis: The problem may be classified as one requiring a heat exchanger performance 
calculation. The heat capacity rates are 


C, = 1i.c,.= lkg/s X 4197 Ikg+K = 4197 W/K 
Cy = ritnCyy = 1.5 kg/s X 1000 J/kg + K = 1500 W/K = Corin 


in which case 


Ci. ALOT 


The number of transfer units is 


— U;,An — 100 W/m?+K X 40 m? _ 


NT 
" Crnin 1500 W/K 


2.67 


From Figure 11.14 the heat exchanger effectiveness is then ¢ ~ 0.82, and from Equation 
11.18 the maximum possible heat transfer rate is 


max = Cin(Th,; — T,,) = 1500 W/K (250 — 35)°C = 3.23 X 10° W 
Accordingly, from the definition of e, Equation 11.19, the actual heat transfer rate is 
d = Emax = 0.82 X 3.23 X 10° W = 2.65 X 10°W < 


It is now a simple matter to determine the outlet temperatures from the overall energy bal- 
ances. From Equation 11.6b 


5 
Tho = T, :— 4 = 250°C 2.65 X 10° W 


ae cge <J 
eis 1500 W/K 
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and from Equation 11.7b 


5 
bt 2556 4 2% 10 W Log ic < 
“ML o 4197 W/K 


Comments: 


1. From Equation 11.32, ¢ = 0.845, which is in good agreement with the estimate 
obtained from the charts. 


2. The overall heat transfer coefficient has tacitly been assumed to be unaffected by the 
change in m,. In fact, with an approximately 20% reduction in m,, there would be a 
significant, albeit smaller percentage, reduction in U,,. 


3. As discussed in the Comment of Example 11.3, flow rate adjustments could be made 
to maintain a fixed water outlet temperature. If, for example, the outlet temperature 
must be maintained at T,., = 125°C, the water flow rate could be reduced to an amount 
prescribed by Equation 11.7b. That is, 


5 
— q _ 2.65 X 10°W ~ 0.102 kgs 


OT 0, 4197 J/kg + K (125 — 35)°C 


C,0 op 


The change in flow rate has again been presumed to have a negligible effect on U,,. In 
this case the assumption is good, since the dominant contribution to U,, is made by the 
gas-side, and not the water-side, convection coefficient. 


EXAMPLE 11.5 

SERRE a= 

The condenser of a large steam power plant is a heat exchanger in which steam is 
condensed to liquid water. Assume the condenser to be a shell-and-tube heat exchanger 
consisting of a single shell and 30,000 tubes, each executing two passes. The tubes are of 
thin wall construction with D = 25 mm, and steam condenses on their outer surface with an 
associated convection coefficient of h, = 11,000 W/m?:K. The heat transfer rate that must 
be effected by the exchanger is g = 2 X 10° W, and this is accomplished by passing 
cooling water through the tubes at a rate of 3 X 10* kg/s (the flow rate per tube is therefore 
1 kg/s). The water enters at 20°C, while the steam condenses at 50°C. What is the tempera- 
ture of the cooling water emerging from the condenser? What is the required tube length 
L per pass? 


SOLUTION 


Known: Heat exchanger consisting of single shell and 30,000 tubes with two passes each. 


Find: 


1. Outlet temperature of the cooling water. 


2. Tube length per pass to achieve required heat transfer. 
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Schematic: 
_ 9 
Tube data eae ee 
line =] 50°C 
N = 30,000 
D=0.025m mn, = 3 x 104 kg/s 


h, = 11,000 W/m?.K 
L = length/pass 
i= 1 kg/s 


Assumptions: 


1. Negligible heat transfer between exchanger and surroundings and negligible kinetic 
and potential energy changes. 


2. Tube internal flow and thermal conditions fully developed. 
3. Negligible thermal resistance of tube material and fouling effects. 


4. Constant properties. 


Properties: Table A.6, water (assume i. = 27°C = 300K): p = 997 kg/m’, c= 4179 
J/kg + K, w = 855 X 10°° N: s/m’, k = 0.613 W/m: K, Pr = 5.83. 


Analysis: 


1. The cooling water outlet temperature may be obtained from the overall energy bal- 
ance, Equation 11.7b. Accordingly, 
9 
MC 3 X 10*kg/s X 4179 J/kg-K 


cY pc 


T.... = 36.0°C <J 


T, 


C,0 


=T.,+ 


2. The problem may be classified as one requiring a heat exchanger design calculation. 
First, we determine the overall heat transfer coefficient for use in the NTU method. 


From Equation 11.5 
1 


U= Gih) + Ih) 
where h; may be estimated from an internal flow correlation. With 
— Am _ 4X 1kg/s 

mDu —_77(0.025 m)855 X 10°-° N+ s/m? 


the flow is turbulent and from Equation 8.60 


Rep 


= 59,567 


Nup = 0.023 Re? Pr“ = 0.023(59,567)°*(5.83)°* = 308 


Hence 


k 0.613 W/m: K 
jag = 
= Ma 08 ons in 


1 
U oe 
[(1/7543) + (1/11,000)] m?- K/W 


= 7543 W/m?:K 


= 4474 W/m? + K 
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Using the design calculation methodology, we note that 


C,, = Cia = 
and 
Cnin = MeCp,c = 3 X 10* kg/s X 4179 J/kg + K = 1.25 X 10° W/K 
from which 
C... 
min = C = 0 
Cris " 


The maximum possible heat transfer rate is 
Amax = Cmin(Tn; — Tei) = 1.25 X 108 W/K X (50 — 20) K = 3.76 X 10°W 
from which 


_ Gq _ 2X10°W 
& 
Amax 3.76 X 10° W 


From Equation 11.35b or Figure 11.12, we find NTU = 0.759. From Equation 11.24, 
it follows that the tube length per pass is 


= 0.532 


NT Ge 0.759 X 1.25 X 10° W/K 
U(N27D) 4474 W/m? - K (30,000 X 2 X a X 0.025 m) 


=451m <J 


Comments: 


1. Recognize that L is the tube length per pass, in which case the total length per tube is 
9.0 m. The entire length of tubing in the condenser is N X L X 2 = 30,000 X 4.51 m X 
2 = 271,000 m or 271 km. 


2. Over time, the performance of the heat exchanger would be degraded by fouling on both 
the inner and outer tube surfaces. A representative maintenance schedule would call for 
taking the heat exchanger off-line and cleaning the tubes when fouling factors reached 
values of R7; = Ry, = 10 * m°*-K/W. To determine the effect of fouling on perfor- 
mance, the e—NTU method may be used to calculate the total heat rate as a function of 
the fouling factor, with R;,, assumed to equal R};. The following results are obtained: 


2.2 


qx 10° (W) 


‘0.0 0.2 0.4 0.6 0.8 1.0 
R' x 104 (m*-KMW) 
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To maintain the requirement of g = 2 X 10’ W with the maximum allowable fouling 
and the restriction of 7; = 1 kg/s, the tube length or the number of tubes would have to 
be increased. Keeping the length per pass at L = 4.51 m, N = 48,300 tubes would be 
needed to transfer 2 < 10° W for Ry; = Rio = 10 * m*: K/W. The corresponding increase 
in the total flow rate to 7, = Nm, = 48,300 kg/s would have the beneficial effect of 
reducing the water outlet temperature to T.., = 29.9°C, thereby ameliorating potentially 
harmful effects associated with discharge into the environment. The additional tube 
length associated with increasing the number of tubes to N = 48,300 is 165 km, which 
would result in a significant increase in the capital cost of the condenser. 


3. The steam plant generates 1250 MW of electricity with a wholesale value of $0.05 
per kW -h. If the plant is shut down for 48 hours to clean the condenser tubes, the loss 
in revenue for the plant’s owner is 48h X 1250 x 10° W xX $0.05/(1 X 10? W-h) = 
$3 million. 

4. Assuming a smooth surface condition within each tube, the friction factor may be 
determined from Equation 8.21, f = (0.790 In (59,567) — 1.64)? = 0.020. The pres- 
sure drop within one tube of length L = 9 m may be determined from Equation 8.22a, 
where u,, = 4m/(p7D*) = (4 X 1 kg/s)/(997 kg/m? X a X 0.025* m’) = 2.04 m/s. 


Uy, £000) 2! kg/m3(2.04 m/s)? 


Om=1 N/m? 
a 3(0,025 m) 9.0 m = 15,300 N/m 


Ap =f 


Therefore, the power required to pump the cooling water through the 48,300 tubes 
may be found by using Equation 8.22b and is 


p — Aprit _ 15,300 Nim? x 48,300 ke/s 


p 007 ke/m} = 742,000 W = 0.742 MW 
g/m 


The cooling water pump is driven by an electric motor. If the combined efficiency of 
the pump and motor is 87%, the annual cost to overcome friction losses in the con- 
denser tubes is 24 h/day X 365 days/yr X 0.742 X 10° W x $0.05/1 * 10° W-h/0.87 = 
$374,000. 


5. Optimal condenser designs are based on the desired thermal performance and environ- 
mental considerations as well as on the capital cost, operating cost, and maintenance 
cost associated with the device. 


EXAMPLE 11.6 


A geothermal power plant utilizes pressurized, deep groundwater at T, = 147°C as the heat 
source for an organic Rankine cycle, the operation of which is described further in Comment 2. 
An evaporator, consisting of a vertically oriented shell-and-tube heat exchanger with one 
shell pass and one tube pass, transfers heat between the tube side groundwater and the coun- 
terflowing shell-side organic fluid of the power cycle. The organic fluid enters the shell side 
of the evaporator as a subcooled liquid at T,,; = 27°C, and exits the evaporator as a saturated 
vapor of quality Xp, = 1 and temperature T.., = T,,, = 122°C. Within the evaporator, heat 
transfer occurs between liquid groundwater and the organic fluid in Stage A with 
U, = 900 W/m: K, and between liquid groundwater and boiling organic fluid in Stage B 


702 


Chapter 11 = Heat Exchangers 


with U, = 1200 W/m?-K. For groundwater and organic fluid flow rates of mg = 10 kg/s 
and mp = 5.2 kg/s, respectively, determine the required evaporator heat transfer surface 
area. The specific heat of the liquid organic fluid of the Rankine cycle is c, = 1300 J/kg-K, 
and its latent heat of vaporization is hj, = 110 kJ/kg. 


SOLUTION 


EEE 

Known: Mass flow rates of groundwater and Rankine cycle organic fluids. Inlet and out- 
let temperatures and qualities of organic fluid. Inlet temperature of groundwater. Overall 
heat transfer coefficients for top and bottom stages of evaporator. 


Find: Required evaporator heat transfer surface area. 


Schematic: 


thg = 10 k@/s, Tg = Ty; = 147°C 


Tip = 5.2 kg/s Turbine 
T,,. = 122°C 
Groundwater Xpo = 1 Generator 


Organic fluid 


Two-phase region (Stage B) 


ae 


Liquid region (Stage A) 


-— 


Evaporator 


T= 27°C 
XR i= ) 


Cooling 
water 


Cycle pump 


Condensor 


Assumptions: 
1. Steady-state conditions. 
2. Constant properties. 
3. Negligible heat loss to surroundings and kinetic and potential energy changes. 


Properties: Table A.6, water (assume T ~ 405 K): Cyg = 4267 J/kg: K. 


Analysis: Applying the conservation of energy principle to the organic fluid within the 
evaporator consisting of Stages A and B yields 


q= dat Ga= MalCp,e (Tat =e hye] 
= 5.2 kg/s[1300 J/kg + K (122 — 27)°C + 110 x 10° J/kg] 


= 642 x 10° W +572 X 10° W = 1.214 X 10° W = 1.214 MW 
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The groundwater temperature exiting the evaporator may be determined from an energy 
balance on the hot stream 


= 118.5°C 


q : 1.214 x 10° W 
ho he MGlpG 10 kg/s X 4267 J/kg + K 


The inlet and outlet temperatures for the cold stream are 
Tix = Ts 7 27°C; Toph = 122°C; Ts = sr" a 122°C; Tonk a Tee = 122°C 


while for the hot stream 


ds : 572 X 10° W 
=147°C 
ThgCy.G 10 kg/s X 4267 Ikg-K 


l= 1 = 133,6°C; L4— a= 118,3°C 


Thi = Thi = 147°C; ThoB = Tig = 133.6°C 


The heat capacity rates in the bottom stage (A) of the evaporator are 


Cy = ric, , = Hiiglyg = 10kg/s X 4267 J/kg+K = 42,670 W/K 


C. = MCp¢ = MRC zp = 5.2 kgs X 1300 J/kg» K = 6760 W/K 


China _ 6760 


cna ~ Cmax,A 42 670 


= 0.158 


Therefore, the effectiveness associated with the bottom stage of the evaporator is 


oe da _ 642 x 10° W — 0.801 
* Cnina(Taia — Toa) 6760 W/K X (133.6 - 279°C 


The NTU can be calculated from the relation for a counterflow heat exchanger, Equation 
11.29b, as 


1 ex—l i 0.891 —1 
NTU, = | = | =24 
ee n( 88 = , 0.158 — 1 (aap, x 0.158 — : : 


Hence the required heat transfer area for Stage A is 


_ NTUAC nina _ 2.45 X 6760 W/K 
an 900 W/m? + K 


A = 18.4 m 


Phase change occurs in the organic fluid in the top (B) stage. Therefore C3 = Oand Ching = 
42,670 W/K. The effectiveness for Stage B is 


oe dp _ 572 X 10° W = 0536 
8 Cminp(This — Tez) 42,670 W/K X (147 — 122)°C 


From Equation 11.35b 
NTU, = —In(1 — €g) = —In(1 — 0.536) = 0.768 


and 


_ NTUBCninb 0.768 X 42,670 W/K 
Us 1200 W/m2 + K 


= 27.3 m? 
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Therefore, the entire heat transfer area is 


A =A, + Ag = 18.4 m? + 27.3 m? = 45.7 mm” <J 


Comments: 


1. 


2. 


Although a baffled, shell-and-tube heat exchanger is used, there is only one tube pass, 
and it is appropriate to assume counterflow conditions. 


Thermodynamic cycles can be described in terms of their temperature-entropy, or 
T — s diagrams [9]. A Rankine cycle with water as the working fluid is shown in the 
diagram on the left below. Also included is the vapor dome of water, under which 
there exists a two-phase mixture of liquid and vapor. Superheated water vapor exists to 
the right of the vapor dome. Note that within the turbine the water quality is X, > 0, and 
saturated liquid droplets are mixed with the saturated vapor. The droplets can impinge 
on the turbine blades, causing failure of the turbine. As such, most water-based 
Rankine cycles require the addition of an expensive superheater to ensure that conden- 
sation does not occur within the turbine. 


Vapor dome Vapor dome 


@ Evaporator outlet, turbine inlet 
@) Turbine outlet, condenser inlet 
GB) Condenser outlet, pump inlet 


@) Pump outlet, evaporator inlet 


Many organic fluids are characterized by a vapor dome such as that shown in the dia- 
gram on the right. Note that, in contrast to using water as the working fluid, condensa- 
tion cannot occur in the turbine. Hence, a superheater is not needed, making organic 
Rankine cycles attractive for a broad range of applications such as geothermal energy 
generation, conversion of waste heat from large turbine or diesel engines to electricity, 
and concentrating solar power applications as in Example 8.5 where cost reduction is 
critical [10]. 


. The temperatures and mass flow rates in this problem correspond to an electric power 


generation of 250 kW using pentafluorpropane (R2345fa) as the organic working fluid 
with high and low cycle pressures of p = 20 and 1.2 bars, respectively. 
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11.6 Additional Considerations 


Because there are many important applications, heat exchanger research and development 
has had a long history. Such activity is by no means complete, however, as many talented 
workers continue to seek ways of improving design and performance. In fact, with height- 
ened concern for energy conservation, there has been a steady and substantial increase in 
activity. A focal point for this work has been heat transfer enhancement, which includes 
the search for special heat exchanger surfaces through which increased heat transfer rates 
may be achieved. Also, as discussed in Section 11.1 and illustrated in Example 11.2, 
¥2, compact heat exchangers are typically used when enhancement is desired and at least one 
of the fluids is a gas. Many different tubular and plate configurations have been considered, 
where differences are due primarily to fin design and arrangement. 
In addition to application to heat exchanger analysis, the LMTD and NTU methods 
are powerful tools that may also be applied to similar thermal systems, as illustrated in the 
following two examples. 


EXAMPLE 11.7 

————E————— eee 

A small copper heat sink with dimensions W, = W, = 40mm, L, = 1.0mm, S = 1.6mm, 
t = 0.8mm, and L; = 5 mm has a uniform maximum temperature of T,, = 50°C on its bot- 
tom surface. An insulating cap is placed on the top of the heat sink. Water is used as the 
coolant, entering the heat sink at T,,,; = 30°C and u,, = 1.75 m/s, providing an average heat 
transfer coefficient of h = 7590 W/m’: K. Determine the heat transfer rate from the hot 
surface to the water. 


SOLUTION 


Known: Dimensions of copper heat sink, maximum heat sink temperature and water 
inlet temperature, mean velocity, and average heat transfer coefficient. 


Find: Heat transfer rate. 


Schematic: 


Adiabatic cap 


Adiabatic side 


BOA discussion of compact heat exchanger analysis is presented in Section 118.2. 
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Assumptions: 
1. Steady-state conditions. 
. Adiabatic tips on heat sink fins. 
. Adiabatic heat sink sides, front and back surfaces. 
. Isothermal bottom surface temperature T,,. 
. Constant properties. 


Nn BW NY 


. Negligible axial conduction in the heat sink. 


Properties: Table A.1, copper (T= 300K): ko, = 401 W/m:K. Table A.6, water 
(assume T ~ 310 K): p = 993 kg/m’, c, = 4178 J/kg °K. 


Analysis: Since the heat sink’s bottom surface temperature is spatially uniform, and 
axial conduction is neglected, the heat sink’s thermal behavior corresponds to a single 
stream heat exchanger as shown in Figure 11.9a. Specifically, the bottom surface tempera- 
ture does not vary in the x-direction, but the water temperature increases as it flows through 
the heat sink. Hence, we may use Equation 11.22 to determine the heat transfer rate, 


q = EC nin( Th: —_ T...;) (1) 


where Cyin = C. = m,c,,, and C, > 0. From Section 11.2 and the discussion surrounding 
Equations 8.45b and 8.46b, we note that the term 1/UA used in the definition of NTU corre- 
sponds to the overall thermal resistance between the two fluid streams of a heat exchanger. 
In this example, UA = 1/R,,, where R,,, is the total thermal resistance between the bottom 


of the heat sink and the fluid. Therefore, Equation 11.35a may be written as 


e = 1—exp(-NTU) =1 cx UA) 1 - exp(- ! (2) 
RiorCnin 


Once Cy, and R,,, are evaluated, the effectiveness can be found from Equation 2, and the 
heat rate may be determined from Equation 1. 

The number of fins is equal to the number of channels and is N= W,/S = 
40 mm/1.6 mm = 25. The minimum heat capacity rate is 


Cais - McC = Npu,,L(S = tc, 
= 25 X 993 kg/m? X 1.75 m/s X 0.005 m X (0.0016 m — 0.0008 m) X 4178 J/kg + K 
= 726 W/K 


The total thermal resistance is calculated in Comment 4 and is R,,, = 17.8 X 10°37 K/W. 
From Equation 2, 


1 1 
€é€=1-ex =1-ex = 0.0745 
o( a! r( 17.8 X 10°? K/W X 726 aa) 


and from Equation 1, 


q = ECyig(T, — T,;) = 0.0745 X 726 WIK X (50°C — 30°C) = 1080 W <J 
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Comments: 

1. If the water temperature is assumed to be constant as it flows through the heat sink, the 
heat rate is g = (T;, — T..,)/Ry, = (50°C — 30°C)/17.8 X 10°? K/W = 1120 W. The assump- 
tion of constant water temperature leads to an overestimate of the actual heat rate. 

2. The outlet temperature of the water is T., = T.; + ¢g/Cyin = 30°C + (1080 W)/ 
(726 W/K) = 31.5°C. 

3. From Equations 11.15 and 11.16, AT, = [(7,-T.,) — (%, — T..)Vinl(, — T.)/ 
(T, — T,.)] = [131.5°C — 30°C]Mn[(S50°C — 30°C)/(50°C — 31.5°C)] = 19.2°C and 
G = AT m/ Riot = 19.2°C/17.8 X 10°37 K/W = 1080 W. Therefore, the appropriate mean 
temperature difference shown in the following thermal circuit, AT,,, is the log mean 
temperature difference [11]. As such, this problem could have been solved using an 
LMTD approach, but an iterative solution would have been required. 


4. The total thermal resistance corresponds to the following thermal circuit. 


tb 


Rp) 


where AT,, is the appropriate mean temperature difference between the bottom of the 


heat sink base and the fluid. The thermal resistance of the base is 
Ripase = Ly!(KeuW,W2) = (0.001 m)/(401 W/m: K X 0.040 m X 0.040 m) 
= 1.56 X 10 3>K/W 


The parallel resistances in the thermal circuit represent the fins and unfinned portion of 
the base. The combination of these two resistances is the overall thermal resistance 
of the fin array, as given by Equation 3.108 with Equation 11.3: 


R,, === u 
noha hLA — A — np] 


In this expression, A, is the surface area of all the fins and A = A; + A,, where A, is the 
area of the unfinned portion of the base. Thus 


A, = 2L;W,N = 2 X 0.005 m X 0.040 m X 25 = 0.01 m? 
and 
A =A, + (W, — Nt)W, = 0.01 m? + (0.040 m — 25 X 0.0008 m) X 0.040 m 
= 0.0108 m? 


The quantity 7 is the efficiency of a single fin, given by Equation 11.4. We first calculate 


= V2 X 7590 W/m2+K/(401 W/m: K X 0.0008 m) X 0.005 m = 1.09 
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Then 
tanh(mL;) — tanh(1.09) 
= gee = 0.732 
1 mL; 1.09 oe 
1 
RK == 
AIA — A, — 0) 
i = 0.0162 K/W 


7590 W/m? K [0.0108 m? — 0.01 m?(1 — 0.732)] 
Therefore, the total thermal resistance is 


Riot = Repase + Rio = 1.56 X 107? K/W + 0.0162 K/W = 17.8 X 10°? K/W 


EXAMPLE 11.8 
— == 


Spherical steel balls of diameter D = 10mm are cooled from an initial temperature of 
T,,; = 1000 K by submersing them in an insulated oil bath initially at T,,; = 300 K. The total 
mass of the balls is m, = 200 kg, while the mass of oil is m, = 500 kg. The convection coeffi- 
cient associated with the spheres and the oil is h = 40 W/m?:K, and the steel properties are 
k, = 40 W/m: K, p;, = 7800 kg/m’, and c,, = 600 J/kg: K. Determine the steady-state ball and 
oil temperatures, and the time needed for the balls to reach a temperature of T;, ¢ = 500 K. 


SOLUTION 


Known: Mass, diameter, properties, and initial temperature of steel spheres. Mass and 
initial temperature of oil bath. 


Find: Steady-state ball and sphere temperatures, time to cool balls to T;, ¢ = 500 K. 


Schematic: 
Oil bath 
ry m), = 200 kg 
I~ Steel | kj, = 40 Wim-K 
| we | = balls ( c, = 600 J/kg*K 
Ms P}, = 7800 kg/m? 
Assumptions: 


1. Constant properties. 
2. Negligible heat loss from oil bath. 
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Properties: Table A.5, engine oil (assume T ~ 350K): c, = 2118 J/kg:K. 


Analysis: We begin by examining whether the lumped capacitance analysis of Chapter 5 
may be applied to the balls. With L, = r,/3, it follows from Equation 5.10 that 
i h(r,/3) 40 W/m?+K X (0.005 m/3) 
i = 


= 0.0017 
k, 40 Wim: K oe 


Accordingly, Equation 5.10 is satisfied, and the spheres are nearly isothermal at any instant 
of time. Treating the steel balls collectively, the sphere and average oil temperatures, T;, 
and T.., respectively, may be determined from an energy balance of the form 


AE, —AE, AE C.., _ T.;) = Cr(Tii > T;,) (1) 
where C,. = m,c, = 500 kg X 2118 J/kg-K = 1.06 X 10° J/K and C,,, = mc), = 200 kg X 
600 J/kg*K = 120 X 10° J/K are the thermal capacitances of the oil and balls, respectively, 
as defined in Equation 5.7. The steady-state temperature is achieved when T, = T;, = T,,, 
and is, 


p= Cuttin F CrcFes _ 120 X 10° JK X 1000 K + 1.06 X 10° J/K X 300 K 
* Cay 120 X 10° J/K + 1.06 X 10° J/K 
Since the oil temperature increases with time, the lumped capacitance analysis of Chapter 5, 


which presumes a constant ambient temperature 7., is not valid. Rather, heat transfer fol- 
lows the process described in the schematic below. 


=371K < 


if 


a A, heat transfer 
surface area 


This process is analogous to that of the parallel-flow heat exchanger shown in Figure 11.7, 
where the total heat transfer area for the N spheres is 


mM, > 3m, 3 X 200 kg 


3 4a, 7 = 15.5 m? 
p, (4/3) ar; Pro 7800 kg/m? X 0.005 m 


A=N4arr = 
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Applying an energy balance to each of the differential elements shown schematically above 
yields 


dE = qdt=—C,,dT, and dE =qdt=C,,dT, (2a, b) 
where 


q = A(T, ~ T,) = UAAT = UAT, ~ T.) (3) 


Substituting expressions for d7,, and dT, from Equations 2a,b into the expression d(AT) = 
aT,, — dT. gives 


qdt qdt 
d(AT) =— 7 4 
( ) Ci, Cre ( 
Combining Equations 3 and 4 yields the relationship 
UAAT UAAT 
d(AT) = dt dt 
Cyp Cye 
Separating variables and integrating, 
? d(AT) ( iA lis 
=-—UA dt 
J AT Cin Cre] J t 
or 
AT, oer 
l =—UA At 5 
(ir) G g - 
which may be rearranged to provide 
T¢— T, 
Ar= —— jn] “4 —“‘}/] 1 4 4 (6) 
UA Th, _ T.; Cin Che 


From Equation 1, 


OF 120 X 10° J/K 
T.,=T., + —(T,, — T,,) = 300 K 4 
te eee 1.06 X 10° J/K 


(1000 K — 500 K) = 357 K 


Therefore, Equation 6 may be evaluated as 


i 1 n| S00 = 357] 1 | 1 | 
40 Wim?:K X 15.5 m2 | 1000 K — 300K ||] 120 X10?K/J_ 1.06 X 10°K/J 
=278s <J 


Comments: 


1. The sphere and oil temperature histories are plotted below. Note the asymptotic 
approach of both temperatures to the steady-state value, T,, = 371 K. 
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2. Equation 5 may be rewritten as 


a = exp] —ua{ + 4 Nar 
Thi ~~ Tj Cin Cys 


and for an infinitely large oil bath, C,.—> ©, and T., = T,; = T... Hence, 


which is equivalent to Equation 5.6 of the lumped capacitance analysis. 


For the infinitely large bath, the preceding equation may be rearranged to yield 


ee 1 in| S00 — 300% 1 |-24s 
40 W/m2-K X 15.5 m2 | 1000 K — 300 K|/] 120 x 103 K/J 


As such, the spheres cool more rapidly in the large bath, as expected since the oil tem- 
perature remains at 300 K throughout the process. 


3. From Equation 1 we note that C,, = AE/(T,; — T,;) and C,,, = AEMT,,; — T;,)). Substi- 
tuting these two expressions into Equation 6 yields 


AT, Thi ~— Tie Leg _ Ts UAAt 
n( a vas ae AE (AT, — AT) 


which can be rearranged to provide an expression involving a log mean temperature 
difference that is of the same form as Equation 11.15 


AT, ~ AT, 


AE = UES NTIAT.) 


= UAAtATin, 
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Applying the LMTD expression to this problem yields 


(500 K — 357 K) — (1000 K — 300 K) 
nf 500 K — 357K 


AE = 40 W/m’: K X 15.5 m? X 278 s 


1000 K — 300K 
=60 X 10°J =60 MJ 


which can be verified using Equation 1, with AE = C,.(T,¢ — T.) = Ci(Ti,i — Th) = 
1.06 X 10° J/K X (357 K — 300K) = 120 X 10° J/K X (1000 K — 500 K) = 60 MJ. 


4. Proceeding in a manner similar to that for the parallel-flow, two-fluid heat 
exchanger, note that the maximum possible change in thermal energy of the spheres 
or the oil is 


1 = Crmin( Th; > T’..;) 


Likewise, a modified effectiveness and NTU may be defined as 


AE UAAt 
* = d NTU* = —— 
7 NE asx - Crmin 
It may be shown that, with C,,. = Cymin/Cymax> 


1 — exp[—NTU*(1+C Infl-—e*1+C 
7” pl ( tr] ana NTU* = n[ e*( eel 
zn Ora 1+ C, 


e* 


which are of the same form as Equations 11.28a and 11.28b, respectively. For this 
problem, C,, = 120 X 10° J/K/1.06 X 10° J/K = 0.113 and e* = AE/AE,,,, = 60 X 
10° J/K/[120 X 10° J/K X (1000 K — 300 K)] = 0.714. Therefore, 


In[1 — 0.7141 + 0.113)] _ 
1+ 0.113 


NTU* = 1.42 


and 
At = NTU*C,,nin/UA = 1.42 X 120 X 10° J/K/[40 W/m?+K X 15.5 m7] = 278 s 


which is in agreement with the problem solution. 


5. This problem illustrates the value of recognizing analogous behavior that character- 
izes various thermal systems. In general, the LMTD and e—NTU heat exchanger 
analyses can be used to determine the transient thermal responses of two materials 
between which heat is exchanged, if each material can be characterized by a unique 
temperature at any time. 
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11.7 Summary 


In this chapter we have developed tools that will allow you to perform approximate 
heat exchanger calculations. More detailed considerations of the subject are available in the 
literature, including treatment of the uncertainties associated with heat exchanger analysis 
[3, 4, 7, 12-18]. 

Although we have restricted attention to heat exchangers involving separation of hot 
and cold fluids by a stationary wall, there are other important options. For example, evapo- 
rative heat exchangers enable direct contact between a liquid and a gas (there is no separat- 
ing wall), and because of latent energy effects, large heat transfer rates per unit volume are 
possible. Also, for gas-to-gas heat exchange, use is often made of regenerators in which 
the same space is alternately occupied by the hot and cold gases. In a fixed regenerator such 
as a packed bed, the hot and cold gases alternately enter a stationary, porous solid. In a 
rotary regenerator, the porous solid is a rotating wheel, which alternately exposes its sur- 
faces to the continuously flowing hot and cold gases. Detailed descriptions of such heat 
exchangers are available in the literature [3, 4, 12, 15, 19-22]. 

You should test your understanding of fundamental issues by addressing the following 
questions. 


¢ What are the two possible arrangements for a concentric tube heat exchanger? For each 
arrangement, what restrictions are associated with the fluid outlet temperatures? 

e As applied to a cross-flow heat exchanger, what is meant by the terms mixed and 
unmixed? In what sense are they idealizations of actual conditions? 

e Why are baffles used in a shell-and-tube heat exchanger? 

¢ What is the principal distinguishing feature of a compact heat exchanger? 

¢ What effect does fouling have on the overall heat transfer coefficient and hence the per- 
formance of a heat exchanger? 

e What effect do finned surfaces have on the overall heat transfer coefficient and hence 
the performance of a heat exchanger? When is the use of fins most appropriate? 

* When can the overall heat transfer coefficient be expressed as U = (h;'+h,')7!? 

¢ What is the appropriate form of the mean temperature difference for the two fluids of a 
parallel or counterflow heat exchanger? 

¢ What can be said about the change in temperature of a saturated fluid undergoing evap- 
oration or condensation in a heat exchanger? 

¢ Will the fluid having the minimum or the maximum heat capacity rate experience the 
largest temperature change in a heat exchanger? 

¢ Why is the maximum possible heat rate for a heat exchanger not equal to C,,,,(7),;, — T,.;)? 
Can the outlet temperature of the cold fluid ever exceed the inlet temperature of the 
hot fluid? 

¢ What is the effectiveness of a heat exchanger? What is its range of possible values? 
What is the number of transfer units? What is its range of possible values? 

* Generally, how does the effectiveness change if the size (surface area) of a heat 
exchanger is increased? If the overall heat transfer coefficient is increased? If the ratio 
of heat capacity rates is decreased? As manifested by the number of transfer units, are 
there limitations to the foregoing trends? What penalty is associated with increasing the 
size of a heat exchanger? With increasing the overall heat transfer coefficient? 


714 


Chapter 11 = Heat Exchangers 


References 

1. Standards of the Tubular Exchange Manufacturers Asso- 12. Shah, R. K., C. F. McDonald, and C. P. Howard, Eds., 
ciation, 6th ed., Tubular Exchanger Manufacturers Associ- Compact Heat Exchangers, American Society of 
ation, New York, 1978. Mechanical Engineers Symposium Volume HTD-10, 

2. Chenoweth, J. M., and M. Impagliazzo, Eds., Fouling in ASME, New York, 1980. 

Heat Exchange Equipment, American Society of 13. Webb, R.L., in G. F. Hewitt, Exec. Ed., Heat Exchanger 
Mechanical Engineers Symposium Volume HTD-17, Design Handbook, Section 3.9, Begell House, New 
ASME, New York, 1981. York, 2002. 

3. Kakac, S., A. E. Bergles, and F. Mayinger, Eds., Heat 14. Marner, W. J., A. E. Bergles, and J. M. Chenoweth, 
Exchangers, Hemisphere Publishing, New York, 1981. Trans. ASME, J. Heat Transfer, 105, 358, 1983. 

4. Kakac, S., R. K. Shah, and A. E. Bergles, Eds., Low 15. G. F. Hewitt, Exec. Ed., Heat Exchanger Design Hand- 
Reynolds Number Flow Heat Exchangers, Hemisphere book, Vols. 1-5, Begell House, New York, 2002. 
Publishing, New York, 1983. 16. Webb, R. L., and N.-H. Kim, Principles of Enhanced Heat 

5. Kays, W. M., and A. L. London, Compact Heat Transfer, 2nd ed., Taylor & Francis, New York, 2005. 
Exchangers, 3rd ed., McGraw-Hill, New York, 1984. 17. Andrews, M. J., and L. S. Fletcher, ASME/JSME Ther- 

6. Bowman, R. A., A. C. Mueller, and W. M. Nagle, Trans. mal Eng. Conf., 4, 359, 1995. 

ASME, 62, 283, 1940. 18. James, C. A., R. P. Taylor, and B. K. Hodge, ASME/JSME 

7. DiGiovanni, M. A., and R. L. Webb, Heat Transfer Eng., Thermal Eng. Conf., 4, 337, 1995. 

10, 61, 1989. 19. Coppage, J. E., and A. L. London, Trans. ASME, 75, 779, 

8. Ribando, R. J., G. W. O’Leary, and S. Carlson-Skalak, 1953. 

Comp. Appl. Eng. Educ., 5, 231, 1997. 20. Treybal, R. E., Mass-Transfer Operations, 3rd ed., 

9. Moran, M. J., and H. N. Shapiro, Engineering Thermody- McGraw-Hill, New York, 1980. 
namics, 6th ed., Wiley, Hoboken, NJ, 2008. 21. Sherwood, T. K., R. L. Pigford, and C. R. Wilkie, Mass 

10. Dai, Y., J. Wang, and L. Gao, Energy Conv. Manage- Transfer, McGraw-Hill, New York, 1975. 
ment, 50, 576, 2009. 22. Schmidt, F. W., and A. J. Willmott, Thermal Energy 


11. 


Webb, R. L., Trans. ASME, J. Heat Transfer, 129, 899, 
2007. 


Problems 


Storage and Regeneration, Hemisphere Publishing, New 
York, 1981. 


Overall Heat Transfer Coefficient 


11.1 In a fire-tube boiler, hot products of combustion flow- 


11.2 


ing through an array of thin-walled tubes are used to 
boil water flowing over the tubes. At the time of instal- 
lation, the overall heat transfer coefficient was 
400 W/m?:K. After 1 year of use, the inner and outer 
tube surfaces are fouled, with corresponding fouling 
factors of R}; = 0.0015 and R¥,, = 0.0005 m?- K/W, 
respectively. Should the boiler be scheduled for clean- 
ing of the tube surfaces? 


A type-302 stainless steel tube of inner and outer diam- 
eters D; = 22mm and D, = 27mm, respectively, is 
used in a cross-flow heat exchanger. The fouling fac- 
tors, Ri, for the inner and outer surfaces are estimated 
to be 0.0004 and 0.0002 m*: K/W, respectively. 


Fouling Ry, 
factors 7 
Ri 
Tt 
A 


Tube, SS302 


{xt 


Cor od ee 


V, = 20 mis 
T, = 15°C 


Air 


(a) Determine the overall heat transfer coefficient based 
on the outside area of the tube, U,. Compare the 


11.3 


11.4 


11.5 


a Problems 


thermal resistances due to convection, tube wall 
conduction, and fouling. 


(b) Instead of air flowing over the tube, consider a situ- 
ation for which the cross-flow fluid is water at 15°C 
with a velocity of V, = 1 m/s. Determine the overall 
heat transfer coefficient based on the outside area of 
the tube, U,. Compare the thermal resistances due to 


convection, tube wall conduction, and fouling. 


‘(c)| For the water—air conditions of part (a) and mean 
velocities, u,,;, of 0.2, 0.5, and 1.0 m/s, plot the 
overall heat transfer coefficient as a function of 
the cross-flow velocity for 5 = V, = 30 m/s. 


(d)| For the water—water conditions of part (b) and 
cross-flow velocities, V,, of 1, 3, and 8 m/s, plot the 
overall heat transfer coefficient as a function of 


the mean velocity for 0.5 = u,,; S 2.5 m/s. 


A shell-and-tube heat exchanger is to heat an acidic liquid 
that flows in unfinned tubes of inside and outside diame- 
ters D, = 10mm and D, = 11 mm, respectively. A hot 
gas flows on the shell side. To avoid corrosion of the tube 
material, the engineer may specify either a Ni-Cr-Mo 
corrosion-resistant metal alloy (p,, = 8900 kg/m’, k,, = 8 
W/m:K) or a polyvinylidene fluoride (PVDF) plastic 
(p, = 1780 kg/m’, k, = 0.17 W/mK). The inner and 
outer heat transfer coefficients are h; = 1500 W/m?:K 
and h, = 200 W/m’ :K, respectively. 


(a) Determine the ratio of plastic to metal tube surface 
areas needed to transfer the same amount of heat. 


(b) Determine the ratio of plastic to metal mass associ- 
ated with the two heat exchanger designs. 


(c) The cost of the metal alloy per unit mass is three 
times that of the plastic. Determine which tube 
material should be specified on the basis of cost. 


A steel tube (k = 50 W/m:K) of inner and outer diame- 
ters D; = 20mm and D, = 26 mm, respectively, is used 
to transfer heat from hot gases flowing over the tube 
(h, = 200 W/m*:K) to cold water flowing through the 
tube (h, = 8000 W/m? - K). What is the cold-side overall 
heat transfer coefficient U.? To enhance heat transfer, 
16 straight fins of rectangular profile are installed longi- 
tudinally along the outer surface of the tube. The fins 
are equally spaced around the circumference of the 
tube, each having a thickness of 2mm and a length of 
15 mm. What is the corresponding overall heat transfer 
coefficient U,? 


A heat recovery device involves transferring energy 
from the hot flue gases passing through an annular 
region to pressurized water flowing through the inner 
tube of the annulus. The inner tube has inner and outer 
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diameters of 24 and 30 mm and is connected by eight 
struts to an insulated outer tube of 60-mm diameter. 
Each strut is 3mm thick and is integrally fabricated 
with the inner tube from carbon steel (k = 50 W/m-:K). 


Diz = Dit = 
30mm 24mm 


Consider conditions for which water at 300K 
flows through the inner tube at 0.161 kg/s while flue 
gases at 800 K flow through the annulus, maintaining a 
convection coefficient of 100 W/m?:K on both the 
struts and the outer surface of the inner tube. What is 
the rate of heat transfer per unit length of tube from gas 
to the water? 


11.6 A novel design for a condenser consists of a tube of 


thermal conductivity 200 W/m: K with longitudinal fins 
snugly fitted into a larger tube. Condensing refrigerant 
at 45°C flows axially through the inner tube, while water 
at a flow rate of 0.012 kg/s passes through the six chan- 
nels around the inner tube. The pertinent diameters are 
D, = 10mm, D, = 14mm, and D; = 50 mm, while the 
fin thickness is t = 2mm. Assume that the convection 
coefficient associated with the condensing refrigerant is 
extremely large. 


Determine the heat removal rate per unit tube length in 
a section of the tube for which the water is at 15°C. 
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11.7 The condenser of a steam power plant contains 
N= 1000 brass tubes (k, = 110 W/m-K), each of 
inner and outer diameters, D; = 25mm and D, = 
28 mm, respectively. Steam condensation on the outer 
surfaces of the tubes is characterized by a convection 
coefficient of h, = 10,000 W/m? - K. 


(a) If cooling water from a large lake is pumped 
through the condenser tubes at m, = 400 kg/s, what 
is the overall heat transfer coefficient U, based 
on the outer surface area of a tube? Properties of 
the water may be approximated as px = 9.60 X 
10-4N-s/m?’, k = 0.60 W/m: K, and Pr = 6.6. 

(b) If, after extended operation, fouling provides a 
resistance of Ry; = 10°-*m?:K/W, at the inner 
surface, what is the value of U,? 


(c) If water is extracted from the lake at 15°C and 
10 kg/s of steam at 0.0622 bars are to be con- 
densed, what is the corresponding temperature of 
the water leaving the condenser? The specific heat 
of the water is 4180 J/kg: K. 


11.8 Thin-walled aluminum tubes of diameter D = 10 mm 
are used in the condenser of an air conditioner. Under 
normal operating conditions, a convection coefficient 
of h; = 5000 W/m*:K is associated with condensation 
on the inner surface of the tubes, while a coefficient of 
h, = 100 W/m?+K is maintained by airflow over the 
tubes. 


(a) What is the overall heat transfer coefficient if the 
tubes are unfinned? 

[(b) | What is the overall heat transfer coefficient 
based on the inner surface, U,, if aluminum annu- 
lar fins of thickness tf = 1.5mm, outer diameter 
D, = 20mm, and pitch S$ = 3.5mm are added 
to the outer surface? Base your calculations on a 
1-m-long section of tube. Subject to the require- 
ments that t= 1 mm and (S$ — t) = 1.5 mm, explore 
the effect of variations in tf and S on U;. What com- 
bination of ft and § would yield the best heat 
transfer performance? 


11.9 A finned-tube, cross-flow heat exchanger is to use the 
exhaust of a gas turbine to heat pressurized water. Labo- 
ratory measurements are performed on a prototype ver- 
sion of the exchanger, which has a surface area of 10 mn, 
to determine the overall heat transfer coefficient as a 
function of operating conditions. Measurements made 
under particular conditions, for which m, = 2kg/s, 
T,,; = 325°C, m, = 0.5 kg/s, and T.,, = 25°C, reveal a 
water outlet temperature of T,, = 150°C. What is the 
overall heat transfer coefficient of the exchanger? 


11.10 Water at a rate of 45,500 kg/h is heated from 80 to 
150°C in a heat exchanger having two shell passes and 


eight tube passes with a total surface area of 925 m’. 
Hot exhaust gases having approximately the same 
thermophysical properties as air enter at 350°C and 
exit at 175°C. Determine the overall heat transfer coef- 
ficient. 


11.11 A novel heat exchanger concept consists of a large 
number of extruded polypropylene sheets (k = 0.17 
W/m:K), each having a fin-like geometry, that are 
subsequently stacked and melted together to form the 
heat exchanger core. Besides being inexpensive, the heat 
exchanger can be easily recycled at the end of its life. 
Carbon dioxide at a mean temperature of 10°C and 
pressure of 2 atm flows in the cool channels at a mean 
velocity of u,, = 0.1 m/s. Air at 30°C and 2 atm flows 
at 0.2m/s in the warm channels. Neglecting the 
thermal contact resistance at the welded interface, 
determine the product of the overall heat transfer 
coefficient and heat transfer area, UA, for a heat 
exchanger core consisting of 200 cool channels and 
200 warm channels. 


a=4mm CO> Welded interface Air 
| 
| ~ Polypropylene 
| 
| 

SheetN Nel || Ne2 |] 
b=4mm c=4mm — 
<—d=15mm 


Design and Performance Calculations 


11.12 The properties and flow rates for the hot and cold flu- 
ids of a heat exchanger are shown in the following 
table. Which fluid limits the heat transfer rate of the 
exchanger? Explain your choice. 


Hot fluid Cold fluid 
Density, kg/m? 997 1247 
Specific heat, J/kg-K 4179 2564 
Thermal conductivity, W/m-K 0.613 0.287 
Viscosity, N + s/m? 8.55 xX 10+ 1.68 x 10+ 
Flow rate, m*/h 14 16 


11.13 A process fluid having a specific heat of 3500 J/kg-K 
and flowing at 2kg/s is to be cooled from 80°C to 
50°C with chilled water, which is supplied at a temper- 
ature of 15°C and a flow rate of 2.5 kg/s. Assuming an 
overall heat transfer coefficient of 2000 W/m?- K, cal- 
culate the required heat transfer areas for the following 


11.14 


11.15 


11.16 


11.17 


11.18 


a Problems 


exchanger configurations: (a) parallel flow, (b) counter- 
flow, (c) shell-and-tube, one shell pass and two tube 
passes, and (d) cross-flow, single pass, both fluids 
unmixed. Compare the results of your analysis. Your 
work can be reduced by using JHT. 


A shell-and-tube exchanger (two shells, four tube passes) 
is used to heat 10,000 kg/h of pressurized water from 
35 to 120°C with 5000 kg/h pressurized water entering 
the exchanger at 300°C. If the overall heat transfer 
coefficient is 1500 W/m*-K, determine the required 
heat exchanger area. 


Consider the heat exchanger of Problem 11.14. After 
several years of operation, it is observed that the outlet 
temperature of the cold water reaches only 95°C rather 
than the desired 120°C for the same flow rates and 
inlet temperatures of the fluids. Determine the cumula- 
tive (inner and outer surface) fouling factor that is the 
cause of the poorer performance. 


The hot and cold inlet temperatures to a concentric 
tube heat exchanger are T,,; = 200°C, T,,; = 100°C, 
respectively. The outlet temperatures are T;,, = 110°C 
and T., = 125°C. Is the heat exchanger operating in a 
parallel flow or in a counterflow configuration? What 
is the heat exchanger effectiveness? What is the NTU? 
Phase change does not occur in either fluid. 


A concentric tube heat exchanger of length L = 2 m is 
used to thermally process a pharmaceutical product 
flowing at a mean velocity of u,,. = 0.1 m/s with an 
inlet temperature of T,; = 20°C. The inner tube of 
diameter D; = 10 mm is thin walled, and the exterior 
of the outer tube (D, = 20mm) is well insulated. 
Water flows in the annular region between the tubes at 
a mean velocity of u,,,, = 0.2 m/s with an inlet temper- 
ature of T,,; = 60°C. Properties of the pharmaceutical 
product are v=10X 10° m*/s, k= 0.25 W/m:K, 
p = 1100kg/m’, and c, = 2460 J/kg: K. Evaluate water 
properties at T,, = 50°C. 

(a) Determine the value of the overall heat transfer 

coefficient U. 


(b) Determine the mean outlet temperature of the 
pharmaceutical product when the exchanger oper- 
ates in the counterflow mode. 


(c) Determine the mean outlet temperature of the 
pharmaceutical product when the exchanger oper- 
ates in the parallel-flow mode. 


A counterflow, concentric tube heat exchanger is 
designed to heat water from 20 to 80°C using hot oil, 
which is supplied to the annulus at 160°C and dis- 
charged at 140°C. The thin-walled inner tube has a 
diameter of D; = 20 mm, and the overall heat transfer 


11.19 


11.20 


11.21 


Whe 


coefficient is 500 W/m? - K. The design condition calls 
for a total heat transfer rate of 3000 W. 


(a) What is the length of the heat exchanger? 


(b) After 3 years of operation, performance is 
degraded by fouling on the water side of the 
exchanger, and the water outlet temperature is 
only 65°C for the same fluid flow rates and inlet 
temperatures. What are the corresponding values 
of the heat transfer rate, the outlet temperature of 
the oil, the overall heat transfer coefficient, and the 
water-side fouling factor, R/.? 


Consider the counterflow, concentric tube heat 
exchanger of Example 11.1. The designer wishes to 
consider the effect of the cooling water flow rate on 
the tube length. All other conditions, including the 
outlet oil temperature of 60°C, remain the same. 


(a) From the analysis of Example 11.1, we saw that 
the overall coefficient U is dominated by the hot- 
side convection coefficient. Assuming the water 
properties are independent of temperature, calcu- 
late U as a function of the water flow rate. Justify a 
constant value of U in the calculations of part (b). 


(b) 


Calculate and plot the required exchanger tube 


length L and the water outlet temperature T,,, as 
a function of the cooling water flow rate for 
0.15 = m, = 0.30 kg/s. 


Consider a concentric tube heat exchanger with an area 
of 50 m? operating under the following conditions: 


Hot fluid Cold fluid 
Heat capacity rate, kKW/K 6 3 
Inlet temperature, °C 60 30 
Outlet temperature, °C — 54 


(a) 
(b) 


Determine the outlet temperature of the hot fluid. 


Is the heat exchanger operating in counterflow or 
parallel flow, or can’t you tell from the available 


information? 
(c) Calculate the overall heat transfer coefficient. 
(d) 


(e) 


Calculate the effectiveness of this exchanger. 


What would be the effectiveness of this exchanger 
if its length were made very large? 


As part of a senior project, a student was given the 
assignment to design a heat exchanger that meets 
the following specifications: 


m (kg/s) T ni (°C) Y en (°C) 
Hot water 28 90 — 
Cold water 27 34 60 
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Like many real-world situations, the customer hasn’t 
revealed, or doesn’t know, additional requirements that 
would allow you to proceed directly to a final configu- 
ration. At the outset, it is helpful to make a first-cut 
design based upon simplifying assumptions, which can 
be evaluated to determine what additional requirements 
and trade-offs should be considered by the customer. 


(a) Design a heat exchanger to meet the foregoing spec- 
ifications. List and explain your assumptions. Hint: 
Begin by finding the required value for UA and 
using representative values of U to determine A. 


(b) Evaluate your design by identifying what features 
and configurations could be explored with your 
customer in order to develop more complete spec- 
ifications. 


11.22 A shell-and-tube heat exchanger must be designed to 
heat 2.5 kg/s of water from 15 to 85°C. The heating is 
to be accomplished by passing hot engine oil, which 
is available at 160°C, through the shell side of the 
exchanger. The oil is known to provide an average 
convection coefficient of h, = 400W/m?:K on the 
outside of the tubes. Ten tubes pass the water through 
the shell. Each tube is thin walled, of diameter 
D = 25 mm, and makes eight passes through the shell. 
If the oil leaves the exchanger at 100°C, what is its 
flow rate? How long must the tubes be to accomplish 
the desired heating? 


11.23 A concentric tube heat exchanger for cooling lubri- 
cating oil is comprised of a thin-walled inner tube of 
25-mm diameter carrying water and an outer tube of 
45-mm diameter carrying the oil. The exchanger 
operates in counterflow with an overall heat transfer 
coefficient of 60 W/m? - K and the tabulated average 


properties. 
yi t T, in - 100°C 
| OUT | 
| c= 
Water |$_——____4__———_ m, = 0.1 kg/s 
i, =0.1 kgs —>— -—--L- 
L J 
l | 
; i | 
Tg = 30°C T,, out 
Properties Water Oil 
p (kg/m’) 1000 800 
c, G/kg:K) 4200 1900 
v (m’/s) 7X 1077 1x 10> 
k (W/m: K) 0.64 0.134 
Pr 4.7 140 
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(a) If the outlet temperature of the oil is 60°C, deter- 
mine the total heat transfer and the outlet tempera- 
ture of the water. 


(b) Determine the length required for the heat 
exchanger. 


A counterflow, concentric tube heat exchanger used 
for engine cooling has been in service for an extended 
period of time. The heat transfer surface area of the 
exchanger is 5m’, and the design value of the overall 
convection coefficient is 38 W/m*:K. During a test 
run, engine oil flowing at 0.1 kg/s is cooled from 
110°C to 66°C by water supplied at a temperature of 
25°C and a flow rate of 0.2 kg/s. Determine whether 
fouling has occurred during the service period. If so, 
calculate the fouling factor, Rim -K/W). 


An automobile radiator may be viewed as a cross-flow 
heat exchanger with both fluids unmixed. Water, 
which has a flow rate of 0.05 kg/s, enters the radiator 
at 400 K and is to leave at 330 K. The water is cooled 
by air that enters at 0.75 kg/s and 300 K. 


(a) If the overall heat transfer coefficient is 200 W/m? K, 
what is the required heat transfer surface area? 


(b)| A manufacturing engineer claims ridges can be 


stamped on the finned surface of the exchanger, 
which could greatly increase the overall heat 
transfer coefficient. With all other conditions 
remaining the same and the heat transfer surface 
area determined from part (a), generate a plot of 
the air and water outlet temperatures as a function 
of U for 200 = U <= 400 W/m’: K. What benefits 
result from increasing the overall convection coef- 
ficient for this application? 


Hot air for a large-scale drying operation is to be pro- 
duced by routing the air over a tube bank (unmixed), 
while products of combustion are routed through 
the tubes. The surface area of the cross-flow heat 
exchanger is A = 25 m’, and for the proposed operat- 
ing conditions, the manufacturer specifies an overall 
heat transfer coefficient of U = 35 W/m?:K. The air 
and the combustion gases may each be assumed to 
have a specific heat of c, = 1040 J/kg-K. Consider 
conditions for which combustion gases flowing at 
1 kg/s enter the heat exchanger at 800K, while air 
at 5 kg/s has an inlet temperature of 300 K. 


(a) What are the air and gas outlet temperatures? 


(b) After extended operation, deposits on the inner 
tube surfaces are expected to provide a fouling 
resistance of R;= 0.004 m?: K/W. Should opera- 
tion be suspended in order to clean the tubes? 


(c)|}The heat exchanger performance may be im- 


proved by increasing the surface area and/or the 
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overall heat transfer coefficient. Explore the effect 
of such changes on the air outlet temperature for 
500 = UA = 2500 W/K. 


11.27 Ina dairy operation, milk at a flow rate of 250 L/h and 


a cow-body temperature of 38.6°C must be chilled to a 
safe-to-store temperature of 13°C or less. Ground 
water at 10°C is available at a flow rate of 0.72 m*/h. 
The density and specific heat of milk are 1030 kg/m* 
and 3860 J/kg-K, respectively. 


(a) Determine the UA product of a counterflow heat 
exchanger required for the chilling process. Deter- 
mine the length of the exchanger if the inner pipe 
has a 50-mm diameter and the overall heat trans- 
fer coefficient is U = 1000 W/m?- K. 


Determine the outlet temperature of the water. 


(b) 
(c) Using the value of UA found in part (a), determine 
the milk outlet temperature if the water flow rate 
is doubled. What is the outlet temperature if the 


flow rate is halved? 


A shell-and-tube heat exchanger with one shell pass 
and two tube passes is used as a regenerator, to pre- 
heat milk before it is pasteurized. Cold milk enters the 
regenerator at T,; = 5°C, while hot milk, which has 
completed the pasteurization process, enters at T),; = 
70°C. After leaving the regenerator, the heated milk 
enters a second heat exchanger, which raises its tem- 
perature from T,,, to 70°C. 


0 


Pasteurizer with 
secondary heat exchanger 


My = Mey Ty j 


T, 


co fet 


<— in 
Regenerator 


Fis 


(a) A regenerator is to be used in a pasteurization 
process for which the flow rate of the milk is 
m, = m, = 5 kg/s. For this flow rate, the manufac- 
turer of the regenerator specifies an overall heat 
transfer coefficient of 2000 W/m’: K. If the desired 
effectiveness of the regenerator is 0.5, what is the 
requisite heat transfer area? What are the corre- 
sponding rate of heat recovery and the fluid outlet 
temperatures? Refer to Problem 11.27 for the 
properties of milk. 

(b) If the hot fluid in the secondary heat exchanger 

derives its energy from the combustion of natural 
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gas and the burner has an efficiency of 90%, what 
would be the annual savings in energy and fuel costs 
associated with installation of the regenerator? The 
facility operates continuously throughout the year, 
and the cost of natural gas is C,, = $0.02/MJ. 


A twin-tube, counterflow heat exchanger operates with 
balanced flow rates of 0.003 kg/s for the hot and cold 
airstreams. The cold stream enters at 280 K and must 
be heated to 340 K using hot air at 360 K. The average 
pressure of the airstreams is | atm and the maximum 
allowable pressure drop for the cold air is 10 kPa. The 
tube walls may be assumed to act as fins, each with an 
efficiency of 100%. 


Copper tubes 


Cold air 


(a) Determine the tube diameter D and length L that 
satisfy the prescribed heat transfer and pressure 
drop requirements. 


(b) | For the diameter D and length L found in part (a), 


generate plots of the cold stream outlet tempera- 
ture, the heat transfer rate, and pressure drop as a 
function of balanced flow rates in the range from 
0.002 to 0.004 kg/s. Comment on your results. 


A 5-m-long, twin-tube, counterflow heat exchanger, 
such as that illustrated in Problem 11.29, is used to heat 
air for a drying operation. Each tube is made from plain 
carbon steel (k = 60 W/m: kK) and has an inner diameter 
and wall thickness of 50mm and 4mm, respectively. 
The thermal resistance per unit length of the brazed 
joint connecting the tubes is R; = 0.01 m: K/W. Con- 
sider conditions for which air enters one tube at a pres- 
sure of 5 atm, a temperature of 17°C, and flow rate of 
0.030 kg/s, while saturated steam at 2.455 bar con- 
denses in the other tube. The convection coefficient for 
condensation may be approximated as 5000 W/m’: K. 
What is the air outlet temperature? What is the mass rate 
at which condensate leaves the system? Hint: Account 
for the effects of circumferential conduction in the tubes 
by treating them as extended surfaces. 
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Hot water for an industrial washing operation is pro- 
duced by recovering heat from the flue gases of a fur- 
nace. A cross-flow heat exchanger is used, with the 
gases passing over the tubes and the water making a 
single pass through the tubes. The steel tubes 
(k = 60 W/m:K) have inner and outer diameters of 
D,;= 15mm and D,= 20mm, while the staggered 
tube array has longitudinal and transverse pitches of 
S; = S, = 40mm. The plenum in which the array is 
installed has a width (corresponding to the tube length) 
of W = 2m and a height (normal to the tube axis) of 
H=1.2m. The number of tubes in the transverse 
plane is therefore N; ~ H/S; = 30. The gas properties 
may be approximated as those of atmospheric air, and 
the convection coefficient associated with water flow 
in the tubes may be approximated as 3000 W/m*-K. 


(a) If 50 kg/s of water are to be heated from 290 to 
350K by 40kg/s of flue gases entering the 
exchanger at 700 K, what is the gas outlet temper- 
ature and how many tube rows N, are required? 


(b) 


The water outlet temperature may be controlled by 


varying the gas flow rate and/or inlet temperature. 
For the value of N, determined in part (a) and the 
prescribed values of H, W, S;, m,, and T,,, 
pute and plot 7,.,, as a function of m,, over the 
range 20 = m1), = 40 kg/s for values of T,,; = 500, 
600, and 700 K. Also plot the corresponding vari- 
ations of 7,,,,. If T;,,, must not drop below 400 K to 
prevent condensation of corrosive vapors on the 
heat exchanger surfaces, are there any constraints 
on m, and T,, ;? 


com- 


A single-pass, cross-flow heat exchanger uses hot 
exhaust gases (mixed) to heat water (unmixed) from 
30 to 80°C at a rate of 3 kg/s. The exhaust gases, hav- 
ing thermophysical properties similar to air, enter and 
exit the exchanger at 225 and 100°C, respectively. If 
the overall heat transfer coefficient is 200 W/m’: K, 
estimate the required surface area. 


Consider the fluid conditions and overall heat transfer 
coefficient of Problem 11.32 for a concentric tube heat 
exchanger operating in parallel flow. The thin-walled 
separator tube has a diameter of 100 mm. 


(a) Determine the required length for the exchanger. 


(b) Assuming water flow inside the separator tube to 
be fully developed, estimate the convection heat 
transfer coefficient. 


(c) 


Using the overall coefficient and the inlet temper- 


atures from Problem 11.32, plot the heat transfer 
rate and fluid outlet temperatures as a function of 
the tube length for 60 = L = 400 m and the parallel- 
flow configuration. 
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(d) If the exchanger were operated in counterflow with 
the same overall coefficient and inlet temperatures, 
what would be the reduction in the required length 
relative to the value found in part (a)? 


For the counterflow configuration, plot the effec- 
tiveness and fluid outlet temperatures as a function 
of the tube length for 60 = L = 400m. 


The compartment heater of an automobile exchanges 

heat between warm radiator fluid and cooler outside 

air. The flow rate of water is large compared to the air, 
and the effectiveness, e, of the heater is known to 
depend on the flow rate of air according to the rela- 

tion, e ~ 11,07. 

(a) If the fan is switched to high and m,;, is doubled, 
determine the percentage increase in the heat 
added to the car, if fluid inlet temperatures remain 
the same. 


(b) For the low-speed fan condition, the heater warms 
outdoor air from 0 to 30°C. When the fan is turned 
to medium, the airflow rate increases 50% and the 
heat transfer increases 20%. Find the new outlet 


temperature. 


A counterflow, twin-tube heat exchanger is made by 
brazing two circular nickel tubes, each 40m long, 
together as shown below. Hot water flows through the 
smaller tube of 10-mm diameter and air at atmos- 
pheric pressure flows through the larger tube of 30- 
mm diameter. Both tubes have a wall thickness of 
2mm. The thermal contact conductance per unit 
length of the brazed joint is 100 W/m-K. The mass 
flow rates of the water and air are 0.04 and 0.12 kg/s, 
respectively. The inlet temperatures of the water and 
air are 85 and 23°C, respectively. 


a 


=—Brazed joint 


10 mm 


all 
Q 


Riera 


Employ the e-NTU method to determine the out- 
let temperature of the air. Hint: Account for the effects 
of circumferential conduction in the walls of the tubes 
by treating them as extended surfaces. 


Consider a coupled shell-in-tube heat exchange device 
consisting of two identical heat exchangers A and B. 
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Air flows on the shell side of heat exchanger A, enter- 
ing at T,;, = 520K and m,, = 10kg/s. Ammonia 
flows in the shell of heat exchanger B, entering at 
T.i3 = 280K, m3 =5kg/s. The tube-side flow is 
common to both heat exchangers and consists of water 
at a flow rate 7, = m,, with two tube passes. The 
UA product increases with water flow rate for heat 
exchanger A as expressed by the relation UA, = a+ 
bm, where a = 6000 W/K and b = 100 J/kg -K. For 
heat exchanger B, UAg = 1.2UAy,. 


Air Ammonia 
Ti, = 020 K T..,3 = 280 K 
my, = 10 kg/s m3 = 5 kg/s 


Water 
Men = mg = 1 kg/s Pump 


(a) For m.., = ™y)3 = 1kg/s, determine the outlet air 
and ammonia temperatures, as well as the heat 
transfer rate. 


(b) The plant engineer wishes to fine-tune the heat 
exchanger performance by installing a variable- 
speed pump to allow adjustment of the water flow 
rate. Plot the outlet air and outlet ammonia tem- 
peratures versus the water flow rate over the range 
Okg/s = m,., = m,3 = 2 kg/s. 


Consider Problem 11.36. 


(a) For m,, = m),3 = 10 kg/s, determine the outlet air 
and ammonia temperatures, as well as the heat 
transfer rate. 


(b) Plot the outlet air and outlet ammonia tempera- 
tures versus the water flow rate over the range 
5 kg/s = m.., = M3 = 50 kg/s. 


For health reasons, public spaces require the continu- 
ous exchange of a specified mass of stale indoor air 
with fresh outdoor air. To conserve energy during the 
heating season, it is expedient to recover the thermal 
energy in the exhausted, warm indoor air and transfer 
it to the incoming, cold fresh air. A coupled single- 
pass, cross-flow heat exchanger with both fluids 
unmixed is installed in the intake and return ducts of a 
heating system as shown in the schematic. Water con- 
taining an anti-freeze agent is used as the working 
fluid in the coupled heat exchange device, which is 
composed of individual heat exchangers A and B. 
Hence, heat is transferred from the warm stale air to 
the cold fresh air by way of the pumped water. 


Warmed, fresh air 
to interior t Taine —4°C 


Warm, stale air 
from interior 
Trap = 23°C Tho,8 = Tap = 13°C 
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< 
Water 


Cold, fresh air 
_ from outside 


c 


Cool, stale air 
to outside 


Pump 


Consider a specified air mass flow rate (in 
each duct) of m = 1.50kg/s, an overall heat transfer 
coefficient-area product of UA = 2500 W/K (for 
each heat exchanger), an outdoor temperature of 
T..,4 = —4°C and an indoor temperature of T,,;3 = 
23°C. Since the warm air has been humidified, exces- 
sive heat transfer can result in unwanted condensation 
in the ductwork. What water flow rate is necessary 
to maximize heat transfer while ensuring the outlet 
temperature associated with heat exchanger B does not 
fall below the dew point temperature, 7,3 = Ty = 
13°C? Hint: Assume the maximum heat capacity rate 
is associated with the air. 


11.39 A cross-flow heat exchanger used in a cardiopulmonary 


bypass procedure cools blood flowing at 5 L/min from 
a body temperature of 37°C to 25°C in order to induce 
body hypothermia, which reduces metabolic and 
oxygen requirements. The coolant is ice water at 0°C, 
and its flow rate is adjusted to provide an outlet tem- 
perature of 15°C. The heat exchanger operates with 
both fluids unmixed, and the overall heat transfer 
coefficient is 750 W/m?-K. The density and specific 
heat of the blood are 1050 kg/m? and 3740 J/kg:K, 
respectively. 


(a) Determine the heat transfer rate for the exchanger. 
(b) Calculate the water flow rate. 


(c) What is the surface area of the heat exchanger? 


(d)| Calculate and plot the blood and water outlet tem- 
peratures as a function of the water flow rate for the 
range 2 to 4 L/min, assuming all other parameters 
remain unchanged. Comment on how the changes 
in the outlet temperatures are affected by changes in 
the water flow rate. Explain this behavior and why 
it is an advantage for this application. 


11.40 Saturated steam at 0.14 bar is condensed in a shell-and- 


tube heat exchanger with one shell pass and two tube 
passes consisting of 130 brass tubes, each with a length 
per pass of 2m. The tubes have inner and outer diame- 
ters of 13.4 and 15.9 mm, respectively. Cooling water 
enters the tubes at 20°C with a mean velocity of 
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1.25 m/s. The heat transfer coefficient for condensation 
on the outer surfaces of the tubes is 13,500 W/m? - K. 


(a) Determine the overall heat transfer coefficient, the 
cooling water outlet temperature, and the steam 
condensation rate. 


(b) 


With all other conditions remaining the same, but 


accounting for changes in the overall coefficient, 
plot the cooling water outlet temperature and the 
steam condensation rate as a function of the water 
flow rate for 10 = m, = 30 kg/s. 


11.41 A feedwater heater that supplies a boiler consists of a 


shell-and-tube heat exchanger with one shell pass and 
two tube passes. One hundred thin-walled tubes each 
have a diameter of 20 mm and a length (per pass) of 
2m. Under normal operating conditions water enters 
the tubes at 10 kg/s and 290 K and is heated by con- 
densing saturated steam at | atm on the outer surface 
of the tubes. The convection coefficient of the satu- 
rated steam is 10,000 W/m?- K. 


(a) Determine the water outlet temperature. 


(b) 


With all other conditions remaining the same, but 
accounting for changes in the overall heat transfer 
coefficient, plot the water outlet temperature as a 
function of the water flow rate for 5 = m. = 20 kg/s. 


(c)|On the plot of part (b), generate two additional 


curves for the water outlet temperature as a func- 
tion of flow rate for fouling factors of Rf = 0.0002 
and 0.0005 m?: K/W. 


11.42 Saturated steam at 110°C is condensed in a shell-and- 


tube heat exchanger (1 shell pass; 2, 4,--- tube 
passes) with a UA value of 2.5 kW/K. Cooling water 
enters at 40°C. 


(a) Calculate the cooling water flow rate required to 
maintain a heat rate of 150 kW. 


(b) 


Assuming that UA is independent of flow rate, cal- 


culate and plot the water flow rate required to pro- 
vide heat rates over the range from 130 to 160 kW. 
Comment on the validity of your assumption. 


11.43 A shell-and-tube heat exchanger (1 shell pass, 2 tube 


passes) is to be used to condense 2.73 kg/s of saturated 
steam at 340 K. Condensation occurs on the outer tube 
surfaces, and the corresponding convection coefficient 
is 10,000 W/m?:K. The temperature of the cooling 
water entering the tubes is 15°C, and the exit tempera- 
ture is not to exceed 30°C. Thin-walled tubes of 19-mm 
diameter are specified, and the mean velocity of water 
flow through the tubes is to be maintained at 0.5 m/s. 


(a) What is the minimum number of tubes that should 
be used, and what is the corresponding tube length 
per pass? 
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(b) To reduce the size of the heat exchanger, it is pro- 
posed to increase the water-side convection coeffi- 
cient by inserting a wire mesh in the tubes. If the 
mesh increases the convection coefficient by a 
factor of two, what is the required tube length per 
pass? 


Saturated water vapor leaves a steam turbine at a flow 
rate of 1.5 kg/s and a pressure of 0.51 bar. The vapor is 
to be completely condensed to saturated liquid in a 
shell-and-tube heat exchanger that uses city water as 
the cold fluid. The water enters the thin-walled tubes 
at 17°C and is to leave at 57°C. Assuming an overall 
heat transfer coefficient of 2000 W/m?-K, determine 
the required heat exchanger surface area and the water 
flow rate. After extended operation, fouling causes 
the overall heat transfer coefficient to decrease to 
1000 W/m? : K, and to completely condense the vapor, 
there must be an attendant reduction in the vapor flow 
rate. For the same water inlet temperature and flow 
rate, what is the new vapor flow rate required for com- 
plete condensation? 


A two-fluid heat exchanger has inlet and outlet tem- 
peratures of 65 and 40°C for the hot fluid and 15 and 
30°C for the cold fluid. Can you tell whether this 
exchanger is operating under counterflow or parallel- 
flow conditions? Determine the effectiveness of the 
heat exchanger. 


The human brain is especially sensitive to elevated 
temperatures. The cool blood in the veins leaving the 
face and neck and returning to the heart may contribute 
to thermal regulation of the brain by cooling the arte- 
rial blood flowing to the brain. Consider a vein and 
artery running between the chest and the base of the 
skull for a distance L = 250 mm, with mass flow rates 
of 3 X 1077 kg/s in opposite directions in the two ves- 
sels. The vessels are of diameter D = 5mm and are 
separated by a distance w = 7mm. The thermal con- 
ductivity of the surrounding tissue is k, = 0.5 W/m: K. 
If the arterial blood enters at 37°C and the venous 
blood enters at 27°C, at what temperature will the arte- 
rial blood exit? If the arterial blood becomes over- 
heated, and the body responds by halving the blood 
flow rate, how much hotter can the entering arterial 
blood be and still maintain its exit temperature below 
37°C? Hint: If we assume that all the heat leaving 
the artery enters the vein, then heat transfer between the 
two vessels can be modeled using a relationship found 
in Table 4.1. Approximate the blood properties as 
those of water. 


Consider a very long, concentric tube heat exchanger 
having hot and cold water inlet temperatures of 85 and 
15°C. The flow rate of the hot water is twice that of the 
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cold water. Assuming equivalent hot and cold water 
specific heats, determine the hot water outlet tempera- 
ture for the following modes of operation: (a) counter- 
flow and (b) parallel flow. 


A plate-fin heat exchanger is used to condense a satu- 
rated refrigerant vapor in an air-conditioning system. 
The vapor has a saturation temperature of 45°C, and a 
condensation rate of 0.015 kg/s is dictated by system 
performance requirements. The frontal area of the 
condenser is fixed at A; = 0.25 m°* by installation 
requirements, and a value of h;, = 135 kJ/kg may be 
assumed for the refrigerant. 


Frontal area, A;, 


Atmospheric air 


V, Ti 


(a) The condenser design is to be based on a nominal 
air inlet temperature of T,,; = 30°C and nominal air 
inlet velocity of V = 2 m/s for which the manufac- 
turer of the heat exchanger core indicates an over- 
all coefficient of U = 50W/m?:K. What is the 
corresponding value of the heat transfer surface 
area required to achieve the prescribed condensa- 
tion rate? What is the air outlet temperature? 


(b)| From the manufacturer of the heat exchanger 


core, it is also known that U« V°’. During 
daily operation the air inlet temperature is not 
controllable and may vary from 27 to 38°C. If 
the heat exchanger area is fixed by the result of 
part (a), what is the range of air velocities needed 
to maintain the prescribed condensation rate? 
Plot the velocity as a function of the air inlet 
temperature. 


A shell-and-tube heat exchanger is to heat 10,000 kg/h 
of water from 16 to 84°C by hot engine oil flowing 
through the shell. The oil makes a single shell pass, 
entering at 160°C and leaving at 94°C, with an average 
heat transfer coefficient of 400 W/m*:K. The water 
flows through 11 brass tubes of 22.9-mm inside diam- 
eter and 25.4-mm outside diameter, with each tube 
making four passes through the shell. 


(a) Assuming fully developed flow for the water, 
determine the required tube length per pass. 


723 


(b) | For the tube length found in part (a), plot the effec- 
tiveness, fluid outlet temperatures, and water-side 
convection coefficient as a function of the water 
flow rate for 5000 = m, = 15,000 kg/h, with all 
other conditions remaining the same. 


11.50 In a supercomputer, signal propagation delays are 


reduced by resorting to high-density circuit arrange- 
ments which are cooled by immersing them in a special 
dielectric liquid. The fluid is pumped in a closed loop 
through the computer and an adjoining shell-and-tube 
heat exchanger having one shell and two tube passes. 


fi 
, Heat 
exchanger 
Tr 


Coolant 
loop 


During normal operation, heat generated within the com- 
puter is transferred to the dielectric fluid passing through 
the computer at a flow rate of m,= 4.81 kg/s. In turn, the 
fluid passes through the tubes of the heat exchanger and 
the heat is transferred to water passing over the tubes. The 
dielectric fluid may be assumed to have constant proper- 
ties of c, = 1040J/kg-K, w= 7.65 X 10°* kg/s:m, 
k =0.058 W/m:K, and Pr = 14. During normal opera- 
tion, chilled water at a flow rate of 7,, = 2.5 kg/s and an 
inlet temperature of T,,,; = 5°C passes over the tubes. The 
water has a specific heat of 4200 J/kg-K and provides an 
average convection coefficient of 10,000 W/m*:K over 
the outer surface of the tubes. 


(a) If the heat exchanger consists of 72 thin-walled 
tubes, each of 10-mm diameter, and fully devel- 
oped flow is assumed to exist within the tubes, 
what is the convection coefficient associated with 
flow through the tubes? 


(b 


S 


If the dielectric fluid enters the heat exchanger at 
T,; = 25°C and is to leave at T;, = 15°C, what is 
the required tube length per pass? 


(c) |For the exchanger with the tube length per pass 
determined in part (b), plot the outlet temperature 
of the dielectric fluid as a function of its flow rate 
for 4 =m, = 6kg/s. Account for corresponding 
changes in the overall heat transfer coefficient, but 
assume all other conditions to remain the same. 


(d)|The site specialist for the computer facilities is 
concerned about changes in the performance of 
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the water chiller supplying the cold water (m,,, 
T,,,) and their effect on the outlet temperature 7, 
of the dielectric fluid. With all other conditions 
remaining the same, determine the effect of 
a +10% change in the cold water flow rate on T;,.,. 


(e) 


Repeat the performance analysis of part (d) to 


determine the effect of a +3°C change in the 
water inlet temperature on 7;,, with all other con- 
ditions remaining the same. 


Untapped geothermal sites in the United States have 
the estimated potential to deliver 100,000 MW (elec- 
tric) of new, clean energy. The key component in a 
geothermal power plant is a heat exchanger that trans- 
fers thermal energy from hot, geothermal brine to a 
second fluid that is evaporated in the heat exchanger. 
The cooled brine is reinjected into the geothermal well 
after it exits the heat exchange, while the vapor exiting 
the heat exchanger serves as the working fluid of a 
Rankine cycle. Consider a geothermal power plant 
designed to deliver P = 25 MW (electric) operating at 
a thermal efficiency of 7 = 0.20. Pressurized hot brine 
at T,,; = 200°C is sent to the tube side of a shell-and- 
tube heat exchanger, while the Rankine cycle’s work- 
ing fluid enters the shell side at T,; = 45°C. The brine 
is reinjected into the well at T,,, = 80°C. 


(a) Assuming the brine has the properties of water, 
determine the required brine flow rate, the required 
effectiveness of the heat exchanger, and the 
required heat transfer surface area. The overall 
heat transfer coefficient is U = 4000 W/m’. 


(b) Over time, the brine fouls the heat transfer sur- 
faces, resulting in U = 2000 W/m’. For the oper- 
ating conditions of part (a), determine the electric 
power generated by the geothermal plant under 


fouled heat exchanger conditions. 


An energy storage system is proposed to absorb ther- 
mal energy collected during the day with a solar col- 
lector and release thermal energy at night to heat a 
building. The key component of the system is a shell- 
and-tube heat exchanger with the shell side filled with 
n-octadecane (see Problem 8.47). 


(a) Warm water from the solar collector is delivered to 
the heat exchanger at T,; = 40°C and m = 2 kg/s 
through the tube bundle consisting of 50 tubes, 
two tube passes, and a tube length per pass of 
L, = 2m. The thin-walled, metal tubes are of diam- 
eter D = 25 mm. Free convection exists within the 
molten n-octadecane, providing an average heat 
transfer coefficient of h, = 25 W/m’: K on the out- 
side of each tube. Determine the volume of n- 
octadecane that is melted over a 12-h period. If the 
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total volume of n-octadecane is to be 50% greater 
than the volume melted over 12h, determine the 
diameter of the L, = 2.2-m-long shell. 


(b) At night, water at T,; = 15°C is supplied to the 
heat exchanger, increasing the water temperature 
and solidifying the n-octadecane. Do you expect 
the heat transfer rate to be the same, greater than, 
or less than the heat transfer rate in part (a)? 


Explain your reasoning. 


A shell-and-tube heat exchanger consists of 135 thin- 
walled tubes in a double-pass arrangement, each of 
12.5-mm diameter with a total surface area of 47.5 m’. 
Water (the tube-side fluid) enters the heat exchanger at 
15°C and 6.5 kg/s and is heated by exhaust gas entering 
at 200°C and 5 kg/s. The gas may be assumed to have 
the properties of atmospheric air, and the overall heat 
transfer coefficient is approximately 200 W/m*: K. 


(a) What are the gas and water outlet temperatures? 


(b) Assuming fully developed flow, what is the tube- 
side convection coefficient? 


(c) 


With all other conditions remaining the same, plot 


the effectiveness and fluid outlet temperatures as a 
function of the water flow rate over the range from 
6 to 12 kg/s. 


(d) 


What gas inlet temperature is required for the 


exchanger to supply 10 kg/s of hot water at an out- 
let temperature of 42°C, all other conditions 
remaining the same? What is the effectiveness for 
this operating condition? 


An ocean thermal energy conversion system is being 
proposed for electric power generation. Such a system 
is based on the standard power cycle for which the 
working fluid is evaporated, passed through a turbine, 
and subsequently condensed. The system is to be used 
in very special locations for which the oceanic water 
temperature near the surface is approximately 300 K, 
while the temperature at reasonable depths is approxi- 
mately 280K. The warmer water is used as a heat 
source to evaporate the working fluid, while the colder 
water is used as a heat sink for condensation of the 
fluid. Consider a power plant that is to generate 2 MW 
of electricity at an efficiency (electric power output per 
heat input) of 3%. The evaporator is a heat exchanger 
consisting of a single shell with many tubes executing 
two passes. If the working fluid is evaporated at its 
phase change temperature of 290 K, with ocean water 
entering at 300 K and leaving at 292 K, what is the heat 
exchanger area required for the evaporator? What flow 
rate must be maintained for the water passing through 
the evaporator? The overall heat transfer coefficient 
may be approximated as 1200 W/m*: K. 
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11.55 A single-pass, cross-flow heat exchanger with both flu- 


ids unmixed is being used to heat water (71, = 2 kg/s, 
c, = 4200 J/kg-K) from 20°C to 100°C with hot 
exhaust gases (c, = 1200 J/kg:K) entering at 320°C. 
What mass flow rate of exhaust gases is required? 
Assume that UA is equal to its design value of 
4700 W/K, independent of the gas mass flow rate. 


Saturated process steam at 1 atm is condensed in a 
shell-and-tube heat exchanger (one shell, two tube 
passes). Cooling water enters the tubes at 15°C with an 
average velocity of 3.5 m/s. The tubes are thin walled 
and made of copper with a diameter of 14mm and 
length of 0.5m. The convective heat transfer coeffi- 
cient for condensation on the outer surface of the tubes 
is 21,800 W/m?:K. 


(a) 


Find the number of tubes/pass required to con- 
dense 2.3 kg/s of steam. 


(b) 
(c) 


Find the outlet water temperature. 


Find the maximum possible condensation rate that 
could be achieved with this heat exchanger using 
the same water flow rate and inlet temperature. 


(d)| Using the heat transfer surface area found in part 
(a), plot the water outlet temperature and steam 
condensation rate for water mean velocities in the 
range from | to 5 m/s. Assume that the shell-side 


convection coefficient remains unchanged. 


The chief engineer at a university that is constructing a 
large number of new student dormitories decides to 
install a counterflow concentric tube heat exchanger 
on each of the dormitory shower drains. The thin- 
walled copper drains are of diameter D; = 50mm. 
Wastewater from the shower enters the heat exchanger 
at T,,; = 38°C while fresh water enters the dormitory at 
T., = 10°C. The wastewater flows down the vertical 
wall of the drain in a thin, falling film, providing 
hy, = 10,000 W/m? K. 


Ti, tip, 
Hot waste a 


ry 
' Warm fresh water 
D——} je 
: | ~ Copper tube 
' L 
Annulus Falling film 
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Cool waste water 
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(a) If the annular gap is d= 10mm, the heat 
exchanger length is L = 1 m, and the water flow 
rate is #2 = 10 kg/min, determine the heat transfer 
rate and the outlet temperature of the warmed 
fresh water. 


(b) Ifa helical spring is installed in the annular gap so 
the fresh water is forced to follow a spiral path 
from the inlet to the fresh water outlet, resulting in 
h. = 9050 W/m’: K, determine the heat transfer 


rate and the outlet temperature of the fresh water. 


(c) Based on the result for part (b), calculate the daily 
savings if 15,000 students each take a 10-minute 
shower per day and the cost of water heating is 


$0.07/k W « h. 


A shell-and-tube heat exchanger with one shell pass 
and 20 tube passes uses hot water on the tube side to 
heat oil on the shell side. The single copper tube has 
inner and outer diameters of 20 and 24mm and a 
length per pass of 3m. The water enters at 87°C and 
0.2 kg/s and leaves at 27°C. Inlet and outlet tempera- 
tures of the oil are 7 and 37°C. What is the average 
convection coefficient for the tube outer surface? 


The oil in an engine is cooled by air in a cross-flow 
heat exchanger where both fluids are unmixed. Atmos- 
pheric air enters at 30°C and 0.53kg/s. Oil at 
0.026 kg/s enters at 75°C and flows through a tube of 
10-mm diameter. Assuming fully developed flow and 
constant wall heat flux, estimate the oil-side heat 
transfer coefficient. If the overall convection coeffi- 
cient is 53 W/m?:K and the total heat transfer area is 
1m’, determine the effectiveness. What is the exit 
temperature of the oil? 


A recuperator is a heat exchanger that heats the air 
used in a combustion process by extracting energy 
from the products of combustion (the flue gas). Con- 
sider using a single-pass, cross-flow heat exchanger as 
a recuperator. 


Furnace 


Fuel 


Air 


Eighty (80) silicon carbide ceramic tubes (k = 20 
W/mK) of inner and outer diameters equal to 55 and 
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80mm, respectively, and of length L = 1.4m are 
arranged as an aligned tube bank of longitudinal and 
transverse pitches S$, = 100mm and S$; = 120mm, 
respectively. Cold air is in cross flow over the tube 
bank with upstream conditions of V=1m/s and 
T.., = 300 K, while hot flue gases of inlet temperature 
T,,; = 1400 K pass through the tubes. The tube outer 
surface is clean, while the inner surface is character- 
ized by a fouling factor of Rf = 2 X 10-4 m?- K/W. 
The air and flue gas flow rates are m. = 1.0 kg/s and 
my, = 1.05 kg/s, respectively. As first approximations, 
(1) evaluate all required air properties at 1 atm and 
300 K, (2) assume the flue gas to have the properties 
of air at | atm and 1400 K, and (3) assume the tube 
wall temperature to be at 800K for the purpose of 
treating the effect of variable properties on convection 
heat transfer. 


(a) If there is a 1% fuel savings associated with each 
10°C increase in the temperature of the combus- 
tion air (T,.,) above 300 K, what is the percentage 
fuel savings for the prescribed conditions? 


(b) 


The performance of the recuperator is strongly 


influenced by the product of the overall heat trans- 
fer coefficient and the total surface area, UA. Com- 
pute and plot 7,,, and the percentage fuel savings 
as a function of UA for 300 = UA = 600 W/K. 
Without changing the flow rates, what measures 


may be taken to increase UA? 


Consider operation of the furnace—recuperator combi- 
nation of Problem 11.60 under conditions for which 
chemical energy is converted to thermal energy in the 
combustor at a rate Of degmp = 2-0 X 10° W and energy 
is transferred from the combustion gases to the load in 
the furnace at a rate of gjgag = 1.4 X 10° W. Assuming 
equivalent flow rates (m, = 1, = 1.0 kg/s) and specific 
heats (c,. = ¢,,, = 1200 J/kg-K) for the cold air and 
flue gases in the recuperator, determine T,,;, T),,,, and 
T.,, when T,; = 300K and the recuperator has an 
effectiveness of ¢ = 0.30. What value of the effective- 
ness would be needed to achieve a combustor air inlet 


temperature of 800 K? 


It is proposed that the exhaust gas from a natural 
gas-powered electric generation plant be used to 
generate steam in a shell-and-tube heat exchanger 
with one shell and one tube pass. The steel tubes 
have a thermal conductivity of 40 W/m- K, an inner 
diameter of 50mm, and a wall thickness of 4mm. 
The exhaust gas, whose flow rate is 2 kg/s, enters the 
heat exchanger at 400°C and must leave at 215°C. To 
limit the pressure drop within the tubes, the tube gas 
velocity should not exceed 25 m/s. If saturated water 
at 11.7 bar is supplied to the shell side of the 
exchanger, determine the required number of tubes 
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and their length. Assume that the properties of the 
exhaust gas can be approximated as those of atmos- 
pheric air and that the water-side thermal resistance 
is negligible. However, account for fouling on the 
gas side of the tubes and use a fouling resistance of 
0.0015 m*: K/W. 


A recuperator is a heat exchanger that heats air used in 
a combustion process by extracting energy from the 
products of combustion. It can be used to increase 
the efficiency of a gas turbine by increasing the tem- 
perature of air entering the combustor. 


Products of 
ombustion 
A 
Combustor 
ci Se 


Recuperator 


Turbine 


Consider a system for which the recuperator is a cross- 
flow heat exchanger with both fluids unmixed and 
the flow rates associated with the turbine exhaust and the 
air are m, = 6.5kg/s and m, = 6.2 kg/s, respectively. 
The corresponding value of the overall heat transfer 
coefficient is U = 100 W/m? K. 


(a) If the gas and air inlet temperatures are 
T,,; = 700K and T,; = 300K, respectively, what 
heat transfer surface area is needed to provide 
an air outlet temperature of T,,, = 500 K? Both 
the air and the products of combustion may be 
assumed to have a specific heat of 1040 J/kg-K. 


(b) 


For the prescribed conditions, compute and plot 


the air outlet temperature as a function of the heat 
transfer surface area. 


A concentric tube heat exchanger uses water, which is 
available at 15°C, to cool ethylene glycol from 100 to 
60°C. The water and glycol flow rates are each 0.5 kg/s. 
What are the maximum possible heat transfer rate and 
effectiveness of the exchanger? Which is preferred, a 
parallel-flow or counterflow mode of operation? 


Water is used for both fluids (unmixed) flowing 
through a single-pass, cross-flow heat exchanger. The 
hot water enters at 90°C and 10,000 kg/h, while the 
cold water enters at 10°C and 20,000 kg/h. If the effec- 
tiveness of the exchanger is 60%, determine the cold 
water exit temperature. 


A cross-flow heat exchanger consists of a bundle of 
32 tubes in a 0.6-m? duct. Hot water at 150°C and a 
mean velocity of 0.5 m/s enters the tubes having inner 
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and outer diameters of 10.2 and 12.5 mm. Atmospheric 
air at 10°C enters the exchanger with a volumetric flow 
rate of 1.0 m?/s. The convection heat transfer coefficient 
on the tube outer surfaces is 400 W/m? - K. Estimate the 
fluid outlet temperatures. 


Exhaust gas from a furnace is used to preheat the com- 
bustion air supplied to the furnace burners. The gas, 
which has a flow rate of 15 kg/s and an inlet temperature 
of 1100 K, passes through a bundle of tubes, while the 
air, which has a flow rate of 10 kg/s and an inlet tem- 
perature of 300 K, is in cross flow over the tubes. The 
tubes are unfinned, and the overall heat transfer coeffi- 
cient is 100 W/m?-K. Determine the total tube surface 
area required to achieve an air outlet temperature of 
850K. The exhaust gas and the air may each be 
assumed to have a specific heat of 1075 J/kg-K. 


Derive Equation 11.35a. Hint: See Section 8.3.3. 


A liquefied natural gas (LNG) regasification facility 
utilizes a vertical heat exchanger or vaporizer that con- 
sists of a shell with a single-pass tube bundle used to 
convert the fuel to its vapor form for subsequent deliv- 
ery through a land-based pipeline. Pressurized LNG is 
off-loaded from an oceangoing tanker to the bottom of 
the vaporizer at T,; = —155°C and fing = 150 kg/s 
and flows through the shell. The pressurized LNG has 
a vaporization temperature of T; = —75°C and specific 
heat c,,, = 4200 J/kg: K. The specific heat of the vapor- 
ized natural gas is c,, = 2210 J/kg-K while the gas 
has a latent heat of vaporization of hj, = 575 kJ/kg. 
The LNG is heated with seawater flowing through 
the tubes, also introduced at the bottom of the vapor- 
izer, that is available at 7,,; = 20°C with a specific heat 
of Cc, sw = 3985 J/kg: K. If the gas is to leave the vapor- 
izer at T,, = 8°C and the seawater is to exit the device at 
Tho = 10°C, determine the required vaporizer heat trans- 
fer area. Hint: Divide the vaporizer into three sections, 
as shown in the schematic, with U, = 150 W/m’: K, 
Us = 260 W/m’: K, and Uc = 40 W/m’: K. 

Vaporized gas 


to pipeline 
T= B°C 


Section C 
Vaporized gas 
Section B 

Liquid to vapor 
phase change 
Section A 

Liquid gas (LNG) 


Seawater 
T,,= 10°C 


ho 


Seawater 


T,,, = 20°C Vaporizer 


11.70 Work Problem 11.69 for the situation where the sea- 


water is introduced to the top of the vaporizer, result- 
ing in counterflowing natural gas and seawater. 


reve 


Cooling of outdoor electronic equipment such as in 
telecommunications towers is difficult due to seasonal 
and diurnal variations of the air temperature, and poten- 
tial fouling of heat exchange surfaces due to dust accu- 
mulation or insect nesting. A concept to provide a nearly 
constant sink temperature in a hermetically sealed envi- 
ronment is shown below. The cool surface is maintained 
at nearly constant groundwater temperature (T, = 5°C) 
while the hot surface is subjected to a constant heat load 
from the electronic equipment (q, = 50 W, T,). Con- 
necting the surfaces is a concentric tube of length 
L= 10m with D; = 100mm and D, = 150 mm. A fan 
moves air at a mass flow rate of m= 0.0325 kg/s and 
dissipates P = 10 W of thermal energy. Heat transfer to 
the cool surface is described by g = h (Tio — T,) while 
heat transfer from the hot surface is described by 
gh =h (Ty - T;,) where T,,, is the fan outlet tempera- 
ture. The values of h, and h, are 40 and 60 W/m’: K, 
respectively. To isolate the electronics from ambient 
temperature variations, the entire device is insulated at 
its outer surfaces. The design engineer is concerned that 
conduction through the wall of the inner tube may 
adversely affect the device performance. Determine the 
value of 7, for the limiting cases of (i) no conduction 
resistance in the inner tube wall and (ii) infinite conduc- 
tion resistance in the inner tube wall. Does the proposed 
device maintain maximum temperatures below 80°C? 


Electronics : Hot surface 
cabinet Pee doy No, To 
© Dz, =D, 


c,0 


+<— Insulation 


Cool surface 
T,, hy 
D,=D, 


11.72 A shell-and-tube heat exchanger consisting of one 


shell pass and two tube passes is used to transfer heat 
from an ethylene glycol—water solution (shell side) 


728 


11.73 


11.74 


Chapter 11 = Heat Exchangers 


supplied from a rooftop solar collector to pure water 
(tube side) used for household purposes. The tubes are 
of inner and outer diameters D; = 3.6mm _ and 
D, = 3.8mm, respectively. Each of the 100 tubes is 
0.8 m long (0.4 m per pass), and the heat transfer coef- 
ficient associated with the ethylene glycol—water mix- 
ture is h, = 11,000 W/m?:K. 


(a) For pure copper tubes, calculate the heat transfer 
rate from the ethylene glycol—water solution 
(m= 2.5 kg/s, T,,; = 80°C) to the pure water (m= 
2.5 kg/s, T..; = 20°C). Determine the outlet tem- 
peratures of both streams of fluid. The density and 
specific heat of the ethylene glycol—water mixture 
are 1040 kg/m* and 3660 J/kg: K, respectively. 


It is proposed to replace the copper tube bundle 
with a bundle composed of high-temperature 
nylon tubes of the same diameter and tube wall 
thickness. The nylon is characterized by a thermal 
conductivity of k, = 0.31 W/m-K. Determine the 
tube length required to transfer the same amount 
of energy as in part (a). 


(b) 


In analyzing thermodynamic cycles involving heat 
exchangers, it is useful to express the heat rate in 
terms of an overall thermal resistance R, and the inlet 
temperatures of the hot and cold fluids, 


_ (Thi _ T..) 


R, 


The heat transfer rate can also be expressed in terms of 
the rate equations, 


1 
= UA ATi, = =— ATim 
q 1 Run l 


(a) Derive a relation for R,,,/R, for a parallel-flow heat 
exchanger in terms of a single dimensionless para- 
meter B, which does not involve any fluid temper- 
atures but only U, A, C,, C. (or Crins Cmax)- 


Calculate and plot R,,,/R, for values of B = 0.1, 
1.0, and 5.0. What conclusions can be drawn from 
the plot? 


(b) 


The power needed to overcome wind and friction drag 
associated with an automobile traveling at a constant 
velocity of 25 m/s is 9kW. 


(a) Determine the required heat transfer area of the 
radiator if the vehicle is equipped with an internal 
combustion engine operating at an efficiency of 
21%. (Assume 79% of the energy generated by 
the engine is in the form of waste heat removed 
by the radiator.) The inlet and outlet mean temper- 
atures of the water with respect to the radiator are 
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T,,; = 400 K and T,,,, = 330K, respectively. Cool- 
ing air is available at 3 kg/s and 300 K. The radia- 
tor may be analyzed as a cross-flow heat exchanger 
with both fluids unmixed with an overall heat 


transfer coefficient of 400 W/m?: K. 


Determine the required water mass flow rate and 
heat transfer area of the radiator if the vehicle is 
equipped with a fuel cell operating at 50% effi- 
ciency. The fuel cell operating temperature is 
limited to approximately 85°C, so the inlet and 
outlet mean temperatures of the water with respect 
to the radiator are T,,,; = 355 K and T,,,, = 330K, 
respectively. The air inlet temperature is as in part 
(a). Assume the flow rate of air is proportional to 
the surface area of the radiator. Hint: Iteration is 
required. 


(b) 


(c) Determine the required heat transfer area of the radi- 
ator and the outlet mean temperature of the water 
for the fuel cell-equipped vehicle if the mass flow 


rate of the water is the same as in part (a). 


An air conditioner operating between indoor and out- 
door temperatures of 23 and 43°C, respectively, 
removes 5kW from a building. The air conditioner 
can be modeled as a reversed Carnot heat engine with 
refrigerant as the working fluid. The efficiency of the 
motor for the compressor and fan is 80%, and 0.2 kW 
is required to operate the fan. 


(a) Assuming negligible thermal resistances (Problem 
11.73) between the refrigerant in the condenser 
and the outside air and between the refrigerant in 
the evaporator and the inside air, calculate the 
power required by the motor. 


(b) If the thermal resistances between the refrigerant 
and the air in the evaporator and condenser sections 
are the same, 3 X 10-7 K/W, determine the temp- 
erature required by the refrigerant in each section. 


Calculate the power required by the motor. 


In a Rankine power system, 1.5 kg/s of steam leaves the 
turbine as saturated vapor at 0.51 bar. The steam is con- 
densed to saturated liquid by passing it over the tubes of 
a shell-and-tube heat exchanger, while liquid water, 
having an inlet temperature of T,; = 280K, is passed 
through the tubes. The condenser contains 100 thin- 
walled tubes, each of 10-mm diameter, and the total 
water flow rate through the tubes is 15 kg/s. The aver- 
age convection coefficient associated with condensation 
on the outer surface of the tubes may be approximated 
as h, = 5000 W/m?-K. Appropriate property values for 
the liquid water are c, = 4178 J/kg: K, w = 700 X 10°° 
kg/s-m, k = 0.628 W/m- K, and Pr = 4.6. 
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to pump 


(a) What is the water outlet temperature? 
(b) What is the required tube length (per tube)? 


(c) After extended use, deposits accumulating on the 
inner and outer tube surfaces provide a cumulative 
fouling factor of 0.0003 m?: K/W. For the prescribed 
inlet conditions and the computed tube length, what 
mass fraction of the vapor is condensed? 


(d)| For the tube length computed in part (b) and the 


fouling factor prescribed in part (c), explore the 
extent to which the water flow rate and inlet tem- 
perature may be varied (within physically plausible 
ranges) to improve the condenser performance. 
Represent your results graphically, and draw appro- 
priate conclusions. 


Consider a Rankine cycle with saturated steam leaving 
the boiler at a pressure of 2 MPa and a condenser pres- 
sure of 10 kPa. 


(a) Calculate the thermal efficiency of the ideal Rankine 
cycle for these operating conditions. 


(b) If the net reversible work for the cycle is 0.5 MW, 
calculate the required flow rate of cooling water 
supplied to the condenser at 15°C with an allow- 
able temperature rise of 10°C. 


(c) Design a shell-and-tube heat exchanger (one-shell, 
multiple-tube passes) that will meet the heat rate 
and temperature conditions required of the con- 
denser. Your design should specify the number of 
tubes and their diameter and length. 


Consider the Rankine cycle of Problem 11.77, which 
rejects 2.3 MW to the condenser, which is supplied 
with a cooling water flow rate of 70 kg/s at 15°C. 


(a) Calculate UA, a parameter that is indicative of the 
size of the condenser required for this operating 
condition. 


(b) Consider now the situation where the overall heat 
transfer coefficient for the condenser, U, is 
reduced by 10% because of fouling. Determine 
the reduction in the thermal efficiency of the 
cycle caused by fouling, assuming that the cool- 
ing water flow rate and water temperature remain 
the same and that the condenser is operated at the 
same steam pressure. 
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11.79 Consider a concentric tube heat exchanger character- 


ized by a uniform overall heat transfer coefficient and 
operating under the following conditions: 


m Cy T; T, 
(kg/s) (J/kg: K) CO) CC) 
Cold fluid 0.125 4200 40 95 


Hot fluid 0.125 2100 210 — 


What is the maximum possible heat transfer rate? 
What is the heat exchanger effectiveness? Should the 
heat exchanger be operated in parallel flow or in coun- 
terflow? What is the ratio of the required areas for 
these two flow conditions? 


11.80 The floor space of any facility that houses shell-and- 


tube heat exchangers must be sufficiently large so 
the tube bundle can be serviced easily. A rule of thumb 
is that the floor space must be at least 2.5 times the 
length of the tube bundle so that the bundle can be com- 
pletely removed from the shell (hence the absolute min- 
imum floor space is twice the tube bundle length) and 
subsequently cleaned, repaired, or replaced easily (asso- 
ciated with the extra half bundle length floor space). 
The room in which the heat exchanger of Problem 
11.22 is to be installed is 8 m long and, therefore, the 
4.7-m-long heat exchanger is too large for the facility. 
Will a shell-and-tube heat exchanger with two shells, 
one above the other, be sufficiently small to fit into the 
facility? Each shell has 10 tubes and 8 tube passes. 


11.81 Consider the influence of a finite sheet thickness in 


Example 11.2, when there are 40 gaps. 


(a) Determine the exterior dimension, L, of the heat 
exchanger core for a sheet thickness of t = 0.8 mm 
for pure aluminum (k,, = 237 W/m: K) and poly- 
vinylidene fluoride (PVDF, k,, = 0.17 W/m:K) 
sheets. Neglect the thickness of the top and bottom 
exterior plates. 


(b) | Plot the heat exchanger core dimension as a func- 


tion of the sheet thickness for aluminum and 
PVDF over the range 0 = ¢ = 1 mm. 


11.82 Hot exhaust gases are used in a shell-and-tube 


exchanger to heat 2.5 kg/s of water from 35 to 85°C. 
The gases, assumed to have the properties of 
air, enter at 200°C and leave at 93°C. The overall 
heat transfer coefficient is 180 W/m?:K. Using the 
effectiveness-NTU method, calculate the area of the 
heat exchanger. 


11.83 In open heart surgery under hypothermic conditions, 


the patient’s blood is cooled before the surgery and 
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rewarmed afterward. It is proposed that a concentric 
tube, counterflow heat exchanger of length 0.5 m be 
used for this purpose, with the thin-walled inner tube 
having a diameter of 55mm. The specific heat of 
the blood is 3500 J/kg-K. 


(a) If water at T,,,; = 60°C and m, = 0.10 kg/s is used 
to heat blood entering the exchanger at T,; = 18°C 
and m, = 0.05 kg/s, what is the temperature of the 
blood leaving the exchanger? The overall heat 
transfer coefficient is 500 W/m? K. 


(b) 


The surgeon may wish to control the heat rate g 


and the outlet temperature T.., of the blood by 
altering the flow rate and/or inlet temperature of 
the water during the rewarming process. To assist 
in the development of an appropriate controller 
for the prescribed values of m, and T,.,, compute 
and plot g and T., as a function of m, for 
0.05 = m,, = 0.20 kg/s and values of T,,; = 50, 60, 
and 70°C. Since the dominant influence on the 
overall heat transfer coefficient is associated with 
the blood flow conditions, the value of U may be 
assumed to remain at 500 W/m’: K. Should cer- 
tain operating conditions be excluded? 


Ethylene glycol and water, at 60 and 10°C, respec- 
tively, enter a shell-and-tube heat exchanger for which 
the total heat transfer area is 15 m?. With ethylene gly- 
col and water flow rates of 2 and 5 kg/s, respectively, 
the overall heat transfer coefficient is 800 W/m’: K. 


(a) Determine the rate of heat transfer and the fluid 
outlet temperatures. 


(b) 


Assuming all other conditions to remain the same, 


plot the effectiveness and fluid outlet temperatures 
as a function of the flow rate of ethylene glycol for 
0.5 = m, = 5 kg/s. 


A boiler used to generate saturated steam is in the form 
of an unfinned, cross-flow heat exchanger, with water 
flowing through the tubes and a high-temperature gas in 
cross flow over the tubes. The gas, which has a specific 
heat of 1120 J/kg-K and a mass flow rate of 10 kg/s, 
enters the heat exchanger at 1400 K. The water, which 
has a flow rate of 3 kg/s, enters as saturated liquid at 
450 K and leaves as saturated vapor at the same temper- 
ature. If the overall heat transfer coefficient is 
50 W/m’-K and there are 500 tubes, each of 0.025-m 
diameter, what is the required tube length? 


Waste heat from the exhaust gas of an industrial fur- 
nace is recovered by mounting a bank of unfinned 
tubes in the furnace stack. Pressurized water at a flow 
rate of 0.025 kg/s makes a single pass through each of 
the tubes, while the exhaust gas, which has an 


11.87 


11.88 


11.89 


upstream velocity of 5.0 m/s, moves in cross flow over 
the tubes at 2.25kg/s. The tube bank consists of a 
square array of 100 thin-walled tubes (10 X 10), each 
25mm in diameter and 4m long. The tubes are 
aligned with a transverse pitch of 50mm. The inlet 
temperatures of the water and the exhaust gas are 300 
and 800 K, respectively. The water flow is fully devel- 
oped, and the gas properties may be assumed to be 
those of atmospheric air. 


(a) What is the overall heat transfer coefficient? 


(b) What are the fluid outlet temperatures? 


(©) 


Operation of the heat exchanger may vary according 


to the demand for hot water. For the prescribed heat 
exchanger design and inlet conditions, compute and 
plot the rate of heat recovery and the fluid outlet 
temperatures as a function of water flow rate per 
tube for 0.02 = m,, = 0.20 kg/s. 


A heat exchanger consists of a bank of 1200 thin- 
walled tubes with air in cross flow over the tubes. The 
tubes are arranged in-line, with 40 longitudinal rows 
(along the direction of airflow) and 30 transverse 
rows. The tubes are 0.07 m in diameter and 2 m long, 
with transverse and longitudinal pitches of 0.14 m. 
The hot fluid flowing through the tubes consists of sat- 
urated steam condensing at 400K. The convection 
coefficient of the condensing steam is much larger 
than that of the air. 


(a) If air enters the heat exchanger at m. = 12 kg/s, 
300 K, and | atm, what is its outlet temperature? 


(b) 


The condensation rate may be controlled by varying 


the airflow rate. Compute and plot the air outlet tem- 
perature, the heat rate, and the condensation rate as a 
function of flow rate for 10 = m, = 50 kg/s. 


Additional Considerations 


Derive the expression for the modified effectiveness 
e*, given in Comment 4 of Example 11.8. 


Consider Problem 3.144a. 


(a) Using an appropriate correlation from Chapter 8, 
determine the air inlet velocity for each channel in 
the heat sink. Assume laminar flow and evaluate 


air properties at T = 300 K. 
(b) Accounting for the increase in air temperature as 
it flows through the heat sink, determine the chip 
power q, and the outlet temperature of the air exit- 
ing each channel. Assume the airflow along the 
outer surfaces provides a similar cooling effect as 
airflow in the channels. 
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a Problems 


(c) If the air velocity is reduced by half, determine the 
chip power and the air outlet temperature. 


Work Problem 7.29, taking into account the increase 
in temperature of the water as it flows through the heat 
sink. Properties of water are listed in Problem 7.29, 
along with p = 995 kg/m? and c, = 4178 J/kg: K. Hint: 
Assume the water does not escape through the upper 
surface of the heat sink and that the boundary layers 
on each fin surface do not merge, allowing evaluation 
of the heat transfer coefficient using a correlation from 
Chapter 7. Also, see Problem 11.68. 


The heat sink of Problem 7.29 is considered for an appli- 
cation in which the power dissipation is only 70 W, and 
the engineer proposes to use air at T,, = 20°C for cool- 
ing. Taking into account the increase in temperature of 
the air as it flows through the heat sink, plot the allow- 
able power dissipation and the air exit temperature 
as a function of the air velocity over the range 
1 m/s S u., = 5 m/s, with the constraint that the base 
temperature not exceed 7;, = 70°C. Properties of the 
air may be approximated as k= 0.027 W/m:K, 
v= 16.4 X 10°° m/s, Pr = 0.706, p = 1.145 kg/m’, 
and c, = 1007 J/kg:K. Hint: Assume the air does not 
escape through the upper surface of the heat sink, use 
a correlation for internal flow, and see Problem 11.68. 


Solve Problem 8.109a using the effectiveness-NTU 
method. 


11.93 


11.94 


731 


Consider Problem 7.113. Estimate the heat transfer 
rate to the air, accounting for both the increase in the 
air temperature as it flows through the foam and 
the thermal resistance associated with conduction in the 
foam in the x-direction. Do you expect the actual heat 
transfer rate to the air to be equal to, less than, or 
greater than the value you have calculated? 


The metallic foam of Problem 7.113 is brazed to the 
surface of a silicon chip of width W = 25mm on a 
side. The foam heat sink is L = 10mm tall. Air at 
T; = 27°C, V = 5 m/s impinges on the foam heat sink 
while the chip surface is maintained at 70°C. Deter- 
mine the heat transfer rate from the chip. To calculate 
a conservative estimate of the heat transfer rate, 
neglect convection and radiation from the top and 
sides of the heat sink. 


Foam heat sink 
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L1IS.1 Log Mean Temperature Difference Method for 
Multipass and Cross-Flow Heat Exchangers 


Although flow conditions are more complicated in multipass and cross-flow heat exchangers, 
Equations 11.6, 11.7, 11.14, and 11.15 may still be used if the following modification is made 
to the log mean temperature difference [1]: 


NG = F ATim.cr (118.1) 


That is, the appropriate form of AT,,, is obtained by applying a correction factor to the 
value of AT,,, that would be computed under the assumption of counterflow conditions. 
Hence from Equation 11.17, AT, = T,,; — T,, and AT, = T,,,, — T,,;. 

Algebraic expressions for the correction factor F have been developed for various 
shell-and-tube and cross-flow heat exchanger configurations [1—3], and the results may be 
represented graphically. Selected results are shown in Figures 118.1 through 118.4 for 
common heat exchanger configurations. The notation (7, ft) is used to specify the fluid tem- 
peratures, with the variable ¢ always assigned to the tube-side fluid. With this convention it 
does not matter whether the hot fluid or the cold fluid flows through the shell or the tubes. 


0.7 O8 09 
t,-t; 


_ I 
ia Tj-tj 
FicureE 118.1 Correction factor for a shell-and-tube heat 


exchanger with one shell and any multiple of two tube passes 
(two, four, etc., tube passes). 
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P= 


Ficure 118.2 Correction factor for a shell-and-tube heat exchanger 
with two shell passes and any multiple of four tube passes (four, eight, etc., 


tube passes). 


0.9 
= -h 
- Tp-§G 


FicurE 118.3 Correction factor for a single-pass, cross-flow heat 


exchanger with both fluids unmixed. 
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Ficure 118.4 Correction factor for a single-pass, cross-flow heat 
exchanger with one fluid mixed and the other unmixed. 


An important implication of Figures 118.1 through 11S.4 is that, if the temperature 
change of one fluid is negligible, either P or R is zero and F is 1. Hence heat exchanger 
behavior is independent of the specific configuration. Such would be the case if one of the 
fluids underwent a phase change. 


EXAMPLE 118.1 


A shell-and-tube heat exchanger must be designed to heat 2.5 kg/s of water from 15 to 
85°C. The heating is to be accomplished by passing hot engine oil, which is available at 
160°C, through the shell side of the exchanger. The oil is known to provide an average con- 
vection coefficient of h, = 400 W/m?-K on the outside of the tubes. Ten tubes pass the 
water through the shell. Each tube is thin walled, of diameter D = 25 mm, and makes eight 
passes through the shell. If the oil leaves the exchanger at 100°C, what is its flow rate? How 
long must the tubes be to accomplish the desired heating? 


SOLUTION 


Known: Fluid inlet and outlet temperatures for a shell-and-tube heat exchanger with 10 
tubes making eight passes. 


Find: 
1. Oil flow rate required to achieve specified outlet temperature. 
2. Tube length required to achieve specified water heating. 
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Schematic: 


Wat 
h, = 400 W/mK a 


N= 10 tubes 
(D = 25 mm), 
M = 8 passes 


mM, 


Assumptions: 
1. Negligible heat loss to the surroundings and kinetic and potential energy changes. 
2. Constant properties. 
3. Negligible tube wall thermal resistance and fouling effects. 


4. Fully developed water flow in tubes. 


Properties: Table A.5, unused engine oil (7, = 130°C): c, = 2350 J/kg:K. Table A.6, 
water (T,= 50°C): c, =4181 J/kg-K, ps = 548 X 10° °N-s/m’, k = 0.643 W/m:K, 
Pr = 3.56. 


Analysis: 


1. From the overall energy balance, Equation 11.7b, the heat transfer required of the 
exchanger is 


G = M.Cy,(T eo — T,j) = 2.5 kg/s X 4181 J/kg + K (85 — 15)°C 
g =7.317 X 10°W 


Hence, from Equation 11.6b, 


_ q _ 7.317 X 10°W 
ComThi — Tro) 2350 I/kg-K X (160 — 100)°C 


= 5.19 kg/s <J 


mm, 
2. The required tube length may be obtained from Equations 11.14 and 11S.1, where 


q- UAF AT mn.cr 


From Equation 11.5, 
1 
U ooo 
(1/h,) + (/h,) 


where h; may be obtained by first calculating Rep. With m,; = m,./N = 0.25 kg/s defined 
as the water flow rate per tube, Equation 8.6 yields 


dri, 4X 0.25 kg/s 
TD (0.025 m) 548 X 10 °kg/s:m 


= 23,234 


ep 
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Hence the water flow is turbulent, and from Equation 8.60 


Nuy = 0.023 Rep? Pr°* = 0.023(23,234)*9(3.56)°* = 119 


i= k Nup = 0.643 W/m: K 


_ 2, 
D 0.025m 119 = 3061 W/m-:-K 


Hence 


1 


U= = 354 W/m?-K 
(1/400) + (1/3061) ia 


The correction factor F may be obtained from Figure 11S.1, where 


_ 160 — 100 _ _ 85-15 _ 
See ee 


Hence F ~ 0.87. From Equations 11.15 and 11.17, it follows that 
_ (Thi i To) ~~ (Tho ~~ se) _ 715 — 85 


R 


AT, = 79.9°C 
mE WT — TooToo ~ Tea] In (75/85) 
Hence, since A = NaDL, where N = 10 is the number of tubes, 
_ q = 7.317 X 10°W 
UNTDFAT pcr = 354 W/m? + K X 1077(0.025 m)0.87(79.9°C) 
L=37.9m <J 


Comments: 


1. With (L/D) = 37.9 m/0.025 m = 1516, the assumption of fully developed conditions 
throughout the tube is justified. 


2. With eight passes, the shell length is approximately L/M = 4.7 m. 


LIS.2 Compact Heat Exchangers 


As discussed in Section 11.1, compact heat exchangers are typically used when a large 
heat transfer surface area per unit volume is desired and at least one of the fluids is a gas. 
Many different tubular and plate configurations have been considered, where differences are 
due primarily to fin design and arrangement. Heat transfer and flow characteristics have 
been determined for specific configurations and are typically presented in the format of 
Figures 118.5 and 118.6. Heat transfer results are correlated in terms of the Colburn j factor 
jy = St Pr*? and the Reynolds number, where both the Stanton (St = h/Gc,) and Reynolds 
(Re = GD,,/) numbers are based on the maximum mass velocity 


PVA; im _ m 
Ag Ag OAg 


G = PV nax 


(118.2) 


Ju 
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0.060 
0.040 28.5 ht 
rea AM 
0.030 16.4 
7 SA 
0.020 
Tube outside diameter, D, = 16.4 mm 
Fin pitch = 275 per meter 
0.010 


Flow passage hydraulic diameter, D, = 6.68 mm 
0.008 Fin thickness, t = 0.254 mm 
Free-flow area/frontal area, o = 0.449 
Heat transfer area/total volume, a@ = 269 m2/m3 
Fin area/total area, A/IA = 0.830 
Note: Minimum free-flow area is in spaces transverse to flow. 


0.006 


103 2 3 4 6 8 104 
Reynolds number, Re 


Ficure 118.5 Heat transfer and friction factor for a circular tube—circular fin heat exchanger, surface 
CF-7.0-5/8J from Kays and London [4]. 
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0.040 


0.030 


0.020 


0.010 


0.008 | Tube outside diameter, D, = 10.2 mm 
in Fin pitch = 315 per meter 
0.006 Flow passage hydraulic diameter, D, = 3.63 mm 
‘ Fin thickness = 0.330 mm 


Free-flow area/frontal area, 0 = 0.534 
Heat transfer area/total volume, a = 587 m/m? 
0.004 |- Fin area/total area = 0.913 
Note: Minimum free-flow area is in spaces transverse to flow. 


4 6 8 10° 2 3 4 6 8 104 


Reynolds number, Re 


Figure 118.6 Heat transfer and friction factor for a circular tube—continuous fin heat 
exchanger, surface 8.0-3/8T from Kays and London [4]. 
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The quantity o is the ratio of the minimum free-flow area of the finned passages (cross- 
sectional area perpendicular to flow direction), A, to the frontal area, A;,, of the exchanger. 
Values of o, D,, (the hydraulic diameter of the flow passage), a (the heat transfer surface 
area per total heat exchanger volume), A;/A (the ratio of fin to total heat transfer 
surface area), and other geometrical parameters are listed for each configuration. The ratio 
A,/A is used in Equation 11.3 to evaluate the temperature effectiveness 7. In a design cal- 
culation, a would be used to determine the required heat exchanger volume, after the total 
heat transfer surface area has been found; in a performance calculation it would be used to 
determine the surface area from knowledge of the heat exchanger volume. 

In a compact heat exchanger calculation, empirical information, such as that provided in 
Figures 118.5 and 118.6, would first be used to determine the average convection coefficient 
of the finned surfaces. The overall heat transfer coefficient would then be determined, and 
using the e-NTU method, the heat exchanger design or performance calculations would be 
performed. 

The pressure drop associated with flow across finned-tube banks, such as those of Figures 
11S.5 and 11S.6, may be computed from the expression 


2 
w= araftes)esa4] ass 


2 
where v; and v, are the fluid inlet and outlet specific volumes and v,, = (U; + v,)/2. The first 
term on the right-hand side of Equation 11S.3 accounts for the cumulative effects of pressure 
change due to inviscid fluid acceleration and deceleration at the exchanger inlet and outlet, 
respectively. The effects are reversible, and if fluid density variations may be neglected 
(v, = vj), the term is negligible. The second term accounts for losses due to fluid friction in the 
heat exchanger core, with fully developed conditions presumed to exist throughout the core. 
For a prescribed core configuration, the friction factor is known as a function of Reynolds 
number, as, for example, from Figures 118.5 and 118.6; and for a prescribed heat exchanger 
size, the area ratio may be evaluated from the relation (A/A;;) = (aV/oA,,), where V is the total 
heat exchanger volume. 

Equation 118.3 does not account for irreversible losses due to viscous effects at the inlet 
and outlet of the heat exchanger. The losses depend on the nature of the ductwork used to 
transport fluids to and from the heat exchanger core. If the transition between the ductwork and 
the core occurs with little flow separation, the losses are small. However, if there are abrupt 
changes between the duct cross-sectional area and the free-flow area of the heat exchanger, 
separation is pronounced and the attendant losses are large. Inlet and exit losses may be esti- 
mated from empirical contraction and expansion coefficients obtained for a variety of core 
geometries [4]. 

The classic work of Kays and London [4] provides Colburn j and friction factor data for 
many different compact heat exchanger cores, which include flat tube (Figure 11.5a) and 
plate—fin (Figure 11.5d, e) configurations, as well as other circular tube configurations (Figure 
11.50, c). Other excellent sources of information are provided by References 5, 6, 7, and 8. 


EXAMPLE 118.2 


Consider a finned-tube, compact heat exchanger having the core configuration of Figure 
118.5. The core is fabricated from aluminum, and the tubes have an inside diameter of 13.8 
mm. In a waste heat recovery application, water flow through the tubes provides an inside 
convection coefficient of h; = 1500 W/m?:K, while combustion gases at 1 atm and 825 K are 
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in cross flow over the tubes. If the gas flow rate is 1.25 kg/s and the frontal area 
is 0.20 m’, what is the gas-side overall heat transfer coefficient? If a water flow rate of | kg/s is 
to be heated from 290 to 370 K, what is the required heat exchanger volume? 


SOLUTION 


Known: Compact heat exchanger geometry, gas-side flow rate and temperature, and water- 
side convection coefficient. Water flow rate and inlet and outlet temperatures. 


Find: Gas-side overall heat transfer coefficient. Heat exchanger volume. 


Schematic: 

= 

Water 
iy, = 1.25 kg/s h, = h, = 1500 W/m?+K 
—> + 
T,, = 825 K 
Surface CF-7.0 -- 5/8 J 
Ag = 0.20 m2 —» © D; = 13.8 mm 
+ 

Assumptions: 


1. Gas has properties of atmospheric air at an assumed mean temperature of 700 K. 
2. Fouling is negligible. 


Properties: _Table A.l, aluminum (7 ~ 300K): k = 237 W/m:K. Table A.4, air 
(p =1atm, T= 700K): c,= 1075 J/kg-K, w = 338.8 X 10°7N-s/m’, Pr = 0.695. 
Table A.6, water (T = 330 K): c, = 4184 J/kg: K. 


Analysis: Referring to Equation 11.1b, the combustion gas and the water are the hot and 
cold fluids, respectively. Hence, neglecting fouling effects and acknowledging that the tube 
inner surface is not finned (7, = 1), the overall heat transfer coefficient based on the gas- 
(hot) side surface area is given by 

1 1 


1 
= + A,R ot 
U, hfA, /A),) — Noh hy, 


where A, and A, are the total gas-side (hot) and water-side (cold) surface areas, respec- 
tively. If the fin thickness is assumed to be negligible, it is readily shown that 


A, _ D; 1 Agn 
A, D A, 


ui 


where A,_, is that portion of the total gas-side area associated with the fins. The approxima- 
tion is valid to within 10%, and for the heat exchanger core conditions (Figure 118.5) 


A, _ 13.8 
— ~——(1 . = 0.14 
; 16.4 0.830) = 0.143 


Obtaining the wall conduction resistance from Equation 3.33, it follows that 
—_ In(D,/D;) _ D,\n(D,/D;) 
27LK/A,, 2k(A,/A,,) 


A,R,, 
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Hence 
_ (0.0138 m) In(16.4/13.8) 
2(237 W/m: K)(0.143) 


The gas-side convection coefficient may be obtained by first using Equation 118.2 to evalu- 
ate the mass velocity: 


= 3.51 X 10 > m*:K/W 


A; Ry 


1.25k 
G= = OTe 2414 kein 
oA 0.449 X 0.20 m? 


Hence 
_ 13.9kg/s+m? X 6.68 X 103m 


Re 
338.8 X 10° ’kg/s:m 


= 2740 


and from Figure 118.5, j, ~ 0.010. Hence 


Cp (13.9 kg/s - m?)(1075 J/kg K) 
+ = 0.010 (0.6958 


G 
hy, ~ 0.010 
P 


ye! 


= 190 W/m?:K 


To obtain the hot-side temperature effectiveness from Equation 11.3, the fin efficiency must 
first be determined from Figure 3.20. With 7, = 14.38 mm, 7,,/r; = 1.75, L. = 6.18 mm, 
A, = 1.57 X 10°° m’, and L7(h,/kA,)'” = 0.34, it follows that n, ~ 0.89. Hence 


A 
Non= 1 7 (1 — n) = 1—0.83001 — 0.89) = 0.91 


We then obtain 


l =| ! + 3.51 X1054+ ! )m®-Krw 


U, \1500 X 0.143 0.91 x 190 
7 = (4.66 X 10-2 + 3.51 X 10-5 +. 5.78 X 1073) = 0.010 m2: K/W 


h 
or 


U, = 100 Wim? K <J 


With C, = m,c,,. = 1 kg/s X 4184 J/kg-K = 4184 W/K, the heat exchanger must be large 
enough to transfer heat in the amount 


q = CAT, — T.;) = 4184 W/K (370 — 290) K = 3.35 X 10° W 


With C, = m,c,,, = 1.25 kg/s X 1075 J/kg -K = 1344 W/K, the minimum heat capacity 
rate corresponds to the hot fluid and the maximum possible heat transfer rate is 


max = Cmin( Th; — Te) = 1344 W/K (825 — 290) K = 7.19 X 10° W 


It follows that 
q _335X10°W _ 
dmx 7.19 X 10°W 


Hence, with (Cyyin/Cmax) = 0.321, Figure 11.14 (cross-flow heat exchanger with both fluids 
unmixed) yields 


0.466 


_ U,A), 


NTU = 0.65 


min 


a References 
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The required gas-side heat transfer surface area is then 
_ 0.65 X 1344 W/K _ 


8.7 m?* 


h 


8.7 m? 


100 W/m? K 


With the gas-side surface area per unit heat exchanger volume corresponding to 
a = 269 m’/m? (Figure 11S.5), the required heat exchanger volume is 


_ An 


a 


Comments: 


= 0.032 m? <J 


269 m*/m? 


1. The effect of the tube wall thermal conduction resistance is negligible, while contribu- 
tions due to the cold- and hot-side convection resistances are comparable. 


2. Knowledge of the heat exchanger volume yields the heat exchanger length in the gas- 
flow direction, L = V/A, = 0.032 m7/0.20 m? = 0.16 m, from which the number of 
tube rows in the flow direction may be determined. 


_ (160 — 28.5) mm 


+1=48=~5 


h 


Tho = Thi _ a = 825 K 


_ (13.9 kg/s +m’)? (2.37 m’/kg) 


34.3 mm 


3. The temperature of the gas leaving the heat exchanger is 


5 
3.35 X 10° W _ 576K 
1344 W/K 


Hence the assumption of 7, = 700 K is excellent. 

4. From Figure 11S.5, the friction factor is f ~ 0.033. With (A/Ayg) = (aV/GA;,) = (269 X 
0.032/0.449 X 0.20) = 96, u,(825 K) = 2.37 m/kg, v,(576 K) = 1.65 m’/kg, and v,, = 
2.01 m’/kg, Equation 11S.3 yields a pressure drop of 


A 
P 2 
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Problems 
Log Mean Temperature Difference Method 118.15 A cooling coil consists of a bank of aluminum 
(k = 237 W/m: K) finned tubes having the core con- 
11S.1 Solve Problem 11.9 using the LMTD method. figuration of Figure 11S.5 and an inner diameter of 
118.2 Solve Problem 11.10 using the LMTD method. 13.8 mm. The tubes are installed in a plenum whose 
, square cross section is 0.4m on a side, thereby pro- 
11S.3 Solve Problem 11.14 using the LMTD method. a ding-a teontal area oF 016m? ene we 
118.4 Solve Problem 11.15 using the LMTD method. 1.5 kg/s is in cross flow over the tubes, while satu- 
11S.5 Solve Problem 11.25 using the LMTD method. rated refrigerant-134a at 1 atm experiences evapora- 
tion in the tubes. If the air enters at 37°C and its exit 
11S.6 Solve Problem 11.32 using the LMTD method. temperature must not exceed 17°C, what is the mini- 
118.7 Solve Problem 11.49 using the LMTD method. mum allowable number of tube rows in the flow 


direction? A convection coefficient of 5000 W/m?-K 


118.8 Solve Problem 11.54 using the LMTD method. is associated with evaporation in the tubes. 


RES) Solved sobrom Nias using We LNT meiiod: 118.16 A cooling coil consists of a bank of aluminum 
11S.10 Solve Problem 11.67 using the LMTD method. (k = 237 W/m:K) finned tubes having the core con- 
11S.11 Solve Problem 11.85 using the LMTD method. Hevedion Stee T iso aad an iuner Cae OF 


13.8 mm. The tubes are installed in a plenum whose 
square cross section is 0.4 m on a side, thereby provid- 


Compact Heat Exchangers ing a frontal area of 0.16m*. Atmospheric air at 
1.5 kg/s is in cross flow over the tubes, while saturated 
118.12 Consider the compact heat exchanger conditions of refrigerant-134a at 1 atm passes through the tubes. 
Example 118.2. After extended use, fouling factors There are four rows of tubes in the airflow direction. If 
of 0.0005 and 0.001 m*-K/W are associated with the the air enters at 37°C, what is its exit temperature? A 
water- and gas-side conditions, respectively. What is convection coefficient of 5000 W/m?:K is associated 

the gas-side overall heat transfer coefficient? with evaporation in the tubes. 


118.13 Consider the heat exchanger core geometry and frontal 118.17 A steam generator consists of a bank of stainless steel 


area prescribed in Example 11S.2. The exchanger must (k = 15 W/m-K) tubes having the core configuration 
heat 2 kg/s of water from 300 to 350 K, using 1.25 kg/s of Figure 118.5 and an inner diameter of 13.8 mm. The 
of combustion gases entering at 700 K. Using the over- tubes are installed in a plenum whose square cross sec- 
all heat transfer coefficient determined in the example, tion is 0.6 m on a side, thereby providing a frontal area 
find the required heat exchanger volume, assuming of 0.36 m*. Combustion gases, whose properties may 
single-pass operation. What is the number of tube rows be approximated as those of atmospheric air, enter the 
N_ in the longitudinal (gas-flow) direction? If the veloc- plenum at 900 K and pass in cross flow over the tubes 
ity of water flowing through the tubes is 100 mm/s, at 3 kg/s. If saturated water enters the tubes at a pres- 
what is the number of tube rows N; in the transverse sure of 2.455 bars and a flow rate of 0.5 kg/s, how 
direction? What is the required tube length? many tube rows are required to provide saturated 


steam at the tube outlet? A convection coefficient of 


118.14 Consider the conditions of Example 118.2, but with the 10,000 Wn? Kis ndcocmed with boiling an the tibes, 


continuous fin arrangement of Figure 11S.6 used in lieu 
of the circular fins of Figure 118.5. The heat exchanger 118.18 A steam generator consists of a bank of stainless 


core is fabricated from aluminum, and the tubes have an steel (k = 15 W/mK) tubes having the core config- 
inside diameter of 8.2 mm. An inside convection coeffi- uration of Figure 118.5 and an inner diameter of 
cient of 1500 W/m’: K may again be assumed for water 13.8 mm. The tubes are installed in a plenum whose 
flow through the tubes, with combustion gases at 1 atm square cross section is 0.6 m on a side, thereby pro- 
and 825 K in cross flow over the tubes. For a gas flow viding a frontal area of 0.36 m?. Combustion gases, 
rate of 1.25 kg/s and a frontal area of 0.20 m’, what is whose properties may be approximated as those of 
the gas-side overall heat transfer coefficient? If water at atmospheric air, enter the plenum at 900 K and pass 
a flow rate of 1 kg/s is to be heated from 290 to 370 K, in cross flow over the tubes at 3 kg/s. There are 11 
what is the required heat exchanger volume? Hint: Esti- rows of tubes in the gas flow direction. If saturated 
mate the fin efficiency by assuming a hypothetical cir- water at 2.455 bar experiences boiling in the tubes, 
cular fin of radius r, = 15.8mm for each tube. You what is the gas exit temperature? A convection coef- 
may use the aluminum and fluid properties provided in ficient of 10,000 W/m? K is associated with boiling 


Example 11S.2. in the tubes. 
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Wriwe come to recognize that heat transfer by conduction and convection requires the 
presence of a temperature gradient in some form of matter. In contrast, heat transfer by 
thermal radiation requires no matter. It is an extremely important process, and in the physi- 
cal sense it is perhaps the most interesting of the heat transfer modes. It is relevant to many 
industrial heating, cooling, and drying processes, as well as to energy conversion methods 
that involve fossil fuel combustion and solar radiation. 

In this chapter our objective is to consider the means by which thermal radiation is 
generated, the specific nature of the radiation, and the manner in which it interacts with 
matter. We give particular attention to radiative interactions at a surface and to the proper- 
ties that must be introduced to describe these interactions. In Chapter 13 we focus on 
means for computing radiative exchange between two or more surfaces. 


12.1 Fundamental Concepts 


Consider a solid that is initially at a higher temperature 7, than that of its surroundings T,,,, 
but around which there exists a vacuum (Figure 12.1). The presence of the vacuum pre- 
cludes energy loss from the surface of the solid by conduction or convection. However, our 
intuition tells us that the solid will cool and eventually achieve thermal equilibrium with its 
surroundings. This cooling is associated with a reduction in the internal energy stored by 
the solid and is a direct consequence of the emission of thermal radiation from the surface. 
In turn, the surface will intercept and absorb radiation originating from the surroundings. 
However, if 7, > T,,, the net heat transfer rate by radiation dyaq net iS from the surface, and 
the surface will cool until T, reaches T,,,.. 

We associate thermal radiation with the rate at which energy is emitted by matter as a 
result of its finite temperature. At this moment thermal radiation is being emitted by all the 
matter that surrounds you: by the furniture and walls of the room, if you are indoors, or by 
the ground, buildings, and the atmosphere and sun if you are outdoors. The mechanism of 
emission is related to energy released as a result of oscillations or transitions of the many 
electrons that constitute matter. These oscillations are, in turn, sustained by the internal energy, 
and therefore the temperature, of the matter. Hence we associate the emission of thermal 
radiation with thermally excited conditions within the matter. 

All forms of matter emit radiation. For gases and for semitransparent solids, such 
as glass and salt crystals at elevated temperatures, emission is a volumetric phenomenon, as 


Radiation from 
surroundings 


ee rad,net 


radiation 
emission 


Vacuum 


Surroundings 


Ficure 12.1 Radiation cooling of a hot solid. 
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illustrated in Figure 12.2. That is, radiation emerging from a finite volume of matter is the 
integrated effect of local emission throughout the volume. However, in this text we concen- 
trate on situations for which radiation can be treated as a surface phenomenon. In most 
solids and liquids, radiation emitted from interior molecules is strongly absorbed by adjoin- 
ing molecules. Accordingly, radiation that is emitted from a solid or a liquid originates 
from molecules that are within a distance of approximately 1 wm from the exposed surface. 
It is for this reason that emission from a solid or a liquid into an adjoining gas or a vacuum 
can be viewed as a surface phenomenon, except in situations involving nanoscale or 
microscale devices. 

We know that radiation originates due to emission by matter and that its subsequent 
transport does not require the presence of any matter. But what is the nature of this trans- 
port? One theory views radiation as the propagation of a collection of particles termed 
photons or quanta. Alternatively, radiation may be viewed as the propagation of electro- 
magnetic waves. In any case we wish to attribute to radiation the standard wave properties 
of frequency v and wavelength X. For radiation propagating in a particular medium, the two 
properties are related by 


> 
ll 
iis) 


(12.1) 


where c is the speed of light in the medium. For propagation in a vacuum, 
Cc, = 2.998 X 10° m/s. The unit of wavelength is commonly the micrometer (wm), where 
1m =10°m. 

The complete electromagnetic spectrum is delineated in Figure 12.3. The short wave- 
length gamma rays, X rays, and ultraviolet (UV) radiation are primarily of interest to the 
high-energy physicist and the nuclear engineer, while the long wavelength microwaves and 
radio waves (A > 10° ym) are of concern to the electrical engineer. It is the intermediate 
portion of the spectrum, which extends from approximately 0.1 to 100 xm and includes a 


Radiation emission 


Radiation emission 


[ 


Gas or vacuum 


Solid or liquid 


High temperature gas or 
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FicurE 12.2 The emission process. (a) As a volumetric phenomenon. (b) As a surface 
phenomenon. 
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Ficure 12.3 Spectrum of electromagnetic radiation. 


portion of the UV and all of the visible and infrared (IR), that is termed thermal radiation 
because it is both caused by and affects the thermal state or temperature of matter. For this 
reason, thermal radiation is pertinent to heat transfer. 

Thermal radiation emitted by a surface encompasses a range of wavelengths. As shown 
in Figure 12.4a, the magnitude of the radiation varies with wavelength, and the term spec- 
tral is used to refer to the nature of this dependence. As we will find, both the magnitude of 
the radiation at any wavelength and the spectral distribution vary with the nature and tem- 
perature of the emitting surface. 

The spectral nature of thermal radiation is one of two features that complicates its 
description. The second feature relates to its directionality. As shown in Figure 12.4b, a 
surface may emit preferentially in certain directions, creating a directional distribution of 
the emitted radiation. To quantify the emission, absorption, reflection, and transmission 
concepts introduced in Chapter 1, we must be able to treat both spectral and directional 
effects. 
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Ficure 12.4 Radiation emitted by a surface. (a) Spectral 
distribution. (b) Directional distribution. 
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12.2) Radiation Heat Fluxes 


Various types of heat fluxes are pertinent to the analysis of radiation heat transfer. 
Table 12.1 lists four distinct radiation fluxes that can be defined at a surface such as the one 
in Figure 12.2b. The emissive power, E (W/m7’), is the rate at which radiation is emitted 
from a surface per unit surface area, over all wavelengths and in all directions. In Chap- 
ter 1, this emissive power was related to the behavior of a blackbody through the relation 
E = eoT; (Equation 1.5), where ¢ is a surface property known as the emissivity. 

Radiation from the surroundings, which may consist of multiple surfaces at various 
temperatures, is incident upon the surface. The surface might also be irradiated by the sun 
or by a laser. In any case, we define the irradiation, G (W/m’), as the rate at which radia- 
tion is incident upon the surface per unit surface area, over all wavelengths and from 
all directions. The two remaining heat fluxes of Table 12.1 are readily described once we 
consider the fate of the irradiation arriving at the surface. 

When radiation is incident upon a semitransparent medium, portions of the irradia- 
tion may be reflected, absorbed, and transmitted, as discussed in Section 1.2.3 and illus- 
trated in Figure 12.5a. Transmission refers to radiation passing through the medium, as 


TABLE 12.1 Radiative fluxes (over all wavelengths and in all directions) 


Flux (W/m?) Description Comment 


Emissive power, E Rate at which radiation is emitted E=eoT! 
from a surface per unit area 


Irradiation, G Rate at which radiation is incident Irradiation can be reflected, 
upon a surface per unit area absorbed, or transmitted 
Radiosity, J Rate at which radiation leaves a For an opaque surface 
surface per unit area J=E+ pG 
Net radiative flux, Net rate of radiation leaving a For an opaque surface 
Ung =J—G surface per unit area Gua = €0T? — aG 
Irradiation, Reflection, Irradiation Radiosity, 
2 Cre G Reflection, ae, = E+ Greg 
G= Grog + Gaps + Gi Greg 
_ So Px Emission, 
Semitransparent paropAbsorption, E 
; ——  <—_— ene 
NUN —Eeee eb Opaque 
medium 
é Transmission, 
Gy, 
(a) (b) 


Ficure 12.5 Radiation at a surface. (a) Reflection, absorption, and transmission of irradiation for a 
semitransparent medium. (5) The radiosity for an opaque medium. 
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occurs when a layer of water or a glass plate is irradiated by the sun or artificial lighting. 
Absorption occurs when radiation interacts with the medium, causing an increase in the 
internal thermal energy of the medium. Reflection is the process of incident radiation 
being redirected away from the surface, with no effect on the medium. We define reflec- 
tivity p as the fraction of the irradiation that is reflected, absorptivity a as the fraction of 
the irradiation that is absorbed, and transmissivity 7 as the fraction of the irradiation that 
is transmitted. Because all of the irradiation must be reflected, absorbed, or transmitted, 
it follows that 


ptat+rT=1 (12.2) 
A medium that experiences no transmission (Tt = 0) is opaque, in which case 
pta=1 (12.3) 


With this understanding of the partitioning of the irradiation into reflected, absorbed, 
and transmitted components, two additional and useful radiation fluxes can be defined. The 
radiosity, J (W/m), of a surface accounts for all the radiant energy leaving the surface. 
For an opaque surface, it includes emission and the reflected portion of the irradiation, as 
illustrated in Figure 12.5b. It is therefore expressed as 


J=E+Gy;=E+ pG (12.4) 


Radiosity can also be defined at a surface of a semitransparent medium. In that case, the 
radiosity leaving the top surface of Figure 12.5a (not shown) would include radiation trans- 
mitted through the medium from below. 

Finally, the net radiative flux from a surface, 4 (W/m7), is the difference between the 
outgoing and incoming radiation 


dang =JI—G (12.5) 
Combining Equations 12.5, 12.4, 12.3, and 1.4, the net flux for an opaque surface is 
Gig = E+ pG —G=eoT*-—aG (12.6) 


A similar expression may be written for a semitransparent surface involving the transmis- 
sivity. Because it affects the temperature distribution within the system, the net radiative 
flux (or net radiation heat transfer rate, g,.q = YinqaA), iS an important quantity in heat trans- 
fer analysis. As will become evident, the quantities FE, G, and J are typically used to 
determine q/,4, but they are also intrinsically important in applications involving radiation 
detection and temperature measurement. 

The various fluxes in Table 12.1 may, in general, be quantified only when the 
directional and spectral nature of the radiation is known. Directional effects are consid- 
ered by introducing the concept of radiation intensity in Section 12.3, while spectral 
effects are treated by introducing the concept of blackbody radiation in Section 12.4. The 
emissive power of a real surface will be related to that of the blackbody through the defi- 
nition of emissivity in Section 12.5. The spectral and directional characteristics of the 
emissivity, absorptivity, reflectivity, and transmissivity of real surfaces are included in 
Sections 12.5 and 12.6. 
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12.3 Radiation Intensity 


Radiation that leaves a surface can propagate in all possible directions (Figure 12.45), and 
we are often interested in knowing its directional distribution. Also, radiation incident upon 
a surface may come from different directions, and the manner in which the surface 
responds to this radiation depends on the direction. Such directional effects can be of pri- 
mary importance in determining the net radiative heat transfer rate and may be treated by 
introducing the concept of radiation intensity. 


12.3.1 Mathematical Definitions 


Due to its nature, mathematical treatment of radiation heat transfer involves the extensive 
use of the spherical coordinate system. From Figure 12.6a,we recall that the differential plane 
angle da is defined by a region between the rays of a circle and is measured as the ratio of 
the arc length di on the circle to the radius r of the circle. Similarly, from Figure 12.6b, the 
differential solid angle dw is defined by a region between the rays of a sphere and is measured 
as the ratio of the area dA, on the sphere to the sphere’s radius squared. Accordingly, 


dA 
dw =— (12.7) 
r 
I rT | I r >| 
dl 
daz # 
7 
(a) 
Emitted 
radiation a 


Fi (r, 0, b) 
K 


(c) (d) 


FicurE 12.6 Mathematical definitions. (a) Plane angle. (6) Solid 
angle. (c) Emission of radiation from a differential area dA, into a 
solid angle dw subtended by dA,, at a point on dA). (d) The spherical 
coordinate system. 
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>S 


dA,, =r? sin @d0do 


dA, 


FicurE 12.7 The solid angle subtended by dA,, at a point on dA, in the spherical coordinate 
system. 


Consider emission in a particular direction from an element of surface area dA,, as shown 
in Figure 12.6c. The direction may be specified in terms of the zenith and azimuthal angles, 
6 and @, respectively, of a spherical coordinate system (Figure 12.6d). The area dA,, 
through which the radiation passes, subtends a differential solid angle dw when viewed 
from a point on dA,. As shown in Figure 12.7, the area dA, is a rectangle of dimension 
rd X rsin 6 dd; thus, dA, = r?sin 6 d6 dd. Accordingly, 


dw = sin 6 do db (12.8) 


When viewed from a point on an opaque surface area element dA,, radiation may be 
emitted into any direction defined by a hypothetical hemisphere above the surface. The 
solid angle associated with the entire hemisphere may be obtained by integrating Equation 
12.8 over the limits d = 0 to @ = 27 and 6 = 0 to 6 = 77/2. Hence, 


2a f m/2 a/2 
dw = | | sin 0 dO db = 2m sin 6 dO = 27 sr (12.9) 
h 0 J0 0 


where the subscript / refers to integration over the hemisphere. Note that the unit of the 
solid angle is the steradian (sr), analogous to radians for plane angles. 


12.3.2 Radiation Intensity and Its Relation to Emission 


Returning to Figure 12.6c, we now consider the rate at which emission from dA, passes 
through dA, This quantity may be expressed in terms of the spectral intensity I, of the 
emitted radiation. We formally define J, as the rate at which radiant energy is emitted at 
the wavelength X in the (0, &) direction, per unit area of the emitting surface normal to this 
direction, per unit solid angle about this direction, and per unit wavelength interval 
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24 
oe -7_7 dA, cos@ 
eee va te 
a Bes 407 
- faa -- —-_ FicurE 12.8 The projection of dA, normal to the 
dA, direction of radiation. 


dad about X. Note that the area used to define the intensity is the component of dA, perpen- 
dicular to the direction of the radiation. From Figure 12.8, we see that this projected area is 
equal to dA, cos @. In effect it is how dA, would appear to an observer situated on dA,,. The 
spectral intensity, which has units of W/m*: sr - um, is then 


dq 
I, fA = 12.1 
rZlA, 8, #) dA, cos 0+ dw+ dd one 


where (dq/dA) = dq, is the rate at which radiation of wavelength A leaves dA, and passes 
through dA, Rearranging Equation 12.10, it follows that 


dq, =1,,(A, 0, @)dA, cos 0 dw (12.11) 


where dq, has the units of W/m. This important expression allows us to compute the rate 
at which radiation emitted by a surface propagates into the region of space defined by the 
solid angle dw about the (0, #) direction. However, to compute this rate, the spectral inten- 
sity J, of the emitted radiation must be known. The manner in which this quantity may be 
determined is discussed later, in Sections 12.4 and 12.5. Expressing Equation 12.11 per 
unit area of the emitting surface and substituting from Equation 12.8, the spectral radiation 
flux associated with dA, is 


dqx = 1,,{A, 9, b) cos 6 sin 0 dé dh (12.12) 


If the spectral and directional distributions of J, are known, that is, 1, (A, 9, ) is 
known, the heat flux associated with emission into any finite solid angle or over any finite 
wavelength interval may be determined by integrating Equation 12.12. For example, we 
define the spectral, hemispherical emissive power E, (W/m? wm) as the rate at which radi- 
ation of wavelength A is emitted in all directions from a surface per unit wavelength inter- 
val dd about A and per unit surface area. Thus, EF, is the spectral heat flux associated with 
emission into a hypothetical hemisphere above dA,, as shown in Figure 12.9, or 


2a ¢ a/2 
B,A) = di) = | | 1,(A, 0, ) cos 6 sin 0 d0 db (12.13) 
0 0 


Note that £, is a flux based on the actual surface area, whereas /, , is based on the projected 
area. The cos 6 term appearing in the integrand is a consequence of this difference. 
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O<@<n/2 


Ficure 12.9 Emission from a differential 
element of area dA, into a hypothetical 


hemisphere centered at a point on dA}. 


The total, hemispherical emissive power, E (W/m), is the rate at which radiation is 
emitted per unit area at all possible wavelengths and in all possible directions. Accordingly, 


E= | "E\(A) dA (12.14) 
0 


or from Equation 12.13 
22a ff a/2 
eal | | 1, (A, 8, b) cos 6 sin 6 dé dd dr (12.15) 
o4o Jo 


Since the term “emissive power” implies emission in all directions, the adjective “hemi- 
spherical” is redundant and is often dropped. One then speaks of the spectral emissive 
power E), or the total emissive power E that was first introduced in Equation 1.5 and again 
in Table 12.1. 

Although the directional distribution of surface emission varies according to the nature 
of the surface, there is a special case that provides a reasonable approximation for many 
surfaces. We speak of a diffuse emitter as a surface for which the intensity of the emitted 
radiation is independent of direction, in which case J, (A, 0, 6) = (A). Removing I, 
from the integrand of Equation 12.13 and performing the integration, it follows that 


E,\(A) = mI, (A) (12.16) 
Similarly, from Equation 12.15 
E=qI, (EPA w)) 


where /, is the total intensity of the emitted radiation. Note that the constant appearing in 
the above expressions is 77, not 277, and has the unit steradians. 
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EXAMPLE 12.1 
——————EE————SSS a 


A small surface of area A, = 10 * m? is known to emit diffusely, and from measurements 
the total intensity associated with emission in the normal direction is J, = 7000 W/m’ «sr. 


+0.5 m 1 
N.S 602 f45°-6.5 m 
~~ | 
Sale 
A, 


Radiation emitted from the surface is intercepted by three other surfaces of area 
A, = A, = A, = 10°? m’, which are 0.5 m from A, and are oriented as shown. What is the 
intensity associated with emission in each of the three directions? What are the solid angles 
subtended by the three surfaces when viewed from A,? What is the rate at which radiation 
emitted by A, is intercepted by the three surfaces? 


SOLUTION 
——————ESEESSs 


Known: Normal intensity of diffuse emitter of area A, and orientation of three surfaces 
relative to Aj. 


Find: 
1. Intensity of emission in each of the three directions. 


2. Solid angles subtended by the three surfaces. 


3. Rate at which radiation is intercepted by the three surfaces. 


Schematic: 
A3 
173 =0.5m 
He I, = 7000 W/m?+sr co 
Le 20° t 0, = 45°" 
Ag aS. 8, = 60° : cA =0.5m 
= “Nn oe 7 
Ap, = Ap COS 5 Aan soy | : 
a are. Sk 
cae a A, 
Ns ke 
Bs i A, = Ag = A3=A,= 10° m2 
~ . - | ets: ate amare ad 
SB 
SON 
O>_ aren, 
2-1 = 
SY 
SY 
Assumptions: 


1. Surface A, emits diffusely. 


2. Aj, A2, A3, and A, may be approximated as differential surfaces, (A,/r7) <1. 
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Analysis: 


1. From the definition of a diffuse emitter, we know that the intensity of the emitted radi- 
ation is independent of direction. Hence 


I = 7000 W/m? - sr <J 


for each of the three directions. 


2. Treating A5, A3, and A, as differential surface areas, the solid angles may be computed 
from Equation 12.7 


where dA, is the projection of the surface normal to the direction of the radiation. 
Since surfaces A, and A, are normal to the direction of radiation, the solid angles sub- 
tended by these surfaces can be directly found from this equation as 


3.9 
As _ 10 m= 4.00 x 107? sr <J 
(0.5m) 


@3_1| ~ M4) = 


Since surface A, is not normal to the direction of radiation, we use dA,» = dA, cos 63, 
where 6, is the angle between the surface normal and the direction of the radiation. Thus 


_ A, cos 4, _ 10°? m* X cos 30° 


5 5 = 3.46 X 10° sr <J 
r (0.5 m) 


@ 2-1 


3. Approximating A, as a differential surface, the rate at which radiation is intercepted by 
each of the three surfaces may be found from Equation 12.11, which, for the total radi- 
ation, may be expressed as 


qi-; =1 XA, cos 8, X w,_; 


where 0, is the angle between the normal to surface 1 and the direction of the radia- 
tion. Hence 


G\-2 = 7000 W/m? sr (10°? m? X cos 60°) 3.46 X 10-3 sr 
=121x107W <J 


Gi-3 = 7000 W/m’: sr (10°* m? X cos 0°) 4.00 X 1073 sr 
= 28.0 x 107 W J 


G\-4 = 7000 W/m? sr (1073 m? X cos 45°) 4.00 X 10°? sr 
= 19.6 X10 Ww < 


Comments: 


1. Note the different values of 6, for the emitting surface and the values of 0, 03, and 6,4 
for the receiving surfaces. 


2. If the surfaces were not small relative to the square of the separation distance, the solid 
angles and radiation heat transfer rates would have to be obtained by integrating Equa- 
tions 12.8 and 12.11, respectively, over the appropriate surface areas. 
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3. Any spectral component of the radiation rate can also be obtained using these proce- 
dures, if the spectral intensity J, is known. 


4. Even though the intensity of the emitted radiation is independent of direction, the rate 
at which radiation is intercepted by the three surfaces differs significantly due to dif- 
ferences in the solid angles and projected areas. For example, consider moving surface 
A, to various 0, positions, keeping A, normal to the direction of radiation and r, con- 
stant at 0.5 m as shown in Figure (a) below. 


0.03 
n 
ry 
i = 0.02 
! Y 
| ay = 0.01 
lL @ wee 
7 i get 
Dee 0.5 = ) 
rae om 
ake -90 45 O 45 90 
Ay 0, (deg) 
(a) (b) 
Under these conditions w4_; = 4.00 X 10°? sr is constant and 


Gi—-4 = 1 X Aywy_, cos 0, = [7000 W/m?: sr X 1073 m? X 4.00 X 1073 sr] X cos 0; 


The energy that is emitted from A, and subsequently intercepted by A, is plotted in 
Figure (b) above. Consistent with our intuition, the energy intercepted by surface A, is 
maximum at 6, = 0° (q,_4 = 28.0 X 10°? W) since an observer on A, would see the 
largest projected area of A,. Also consistent with our intuition, the energy intercepted 
by A, is zero at 8, = +90°, even though the intensity of the radiation emitted from 
A, is independent of 0. At 0, = +90°, an observer on A, would be unable to see A, and 
hence would intercept none of the energy emitted from A,. Many real surfaces emit 
radiation in a manner that is approximately diffuse. 


12.3.3 Relation to Irradiation 


The foregoing concepts may be extended to incident radiation (Figure 12.10). Such radia- 
tion may originate from emission and reflection occurring at other surfaces and will have 
spectral and directional distributions determined by the spectral intensity J, ;(A, 6, @). This 
quantity is defined as the rate at which radiant energy of wavelength A is incident from the 
(0, @) direction, per unit area of the intercepting surface normal to this direction, per unit 
solid angle about this direction, and per unit wavelength interval dA about A. 

The intensity of the incident radiation may be related to the irradiation, which encom- 
passes radiation incident from all directions. The spectral irradiation G,(W/m?: wm) is 
defined as the rate at which radiation of wavelength A is incident on a surface, per unit area 
of the surface and per unit wavelength interval dA about A. Accordingly, 


20 (7/2 
G,(A) = | | DAA, 0, b) cos 6 sin 6 dé dh (6PRE:)) 
0 Jo 
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FicureE 12.10 Directional nature of incident radiation. 


where sin 0 dé d¢@ is the unit solid angle. The cos 6 factor originates because G, is a flux 
based on the actual surface area, whereas J, ; is defined in terms of the projected area. If the 
total irradiation G (W/m?) represents the rate at which radiation is incident per unit area 
from all directions and at all wavelengths, it follows that 


or from Equation 12.18 
~ F207 ¢ a/2 
G =| | | 1, (A, 0, &) cos 6 sin 6 dé dd dr (12.20) 
0 40 Yo 


The total irradiation was first introduced in Section 1.2.3 and again in Table 12.1. If the 
incident radiation is diffuse, I, ; is independent of 6 and ¢ and it follows that 


EXAMPLE 12.2 


The spectral distribution of surface irradiation is as follows: 


= 1000 
oe 
i) 
= 
= 
“ge 900 

0 

0 5 10 15-20 25 


What is the total irradiation? 
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SOLUTION 


Known: Spectral distribution of surface irradiation. 
Find: Total irradiation. 


Analysis: The total irradiation may be obtained from Equation 12.19. 
G= | G, dr 
0 
The integral is readily evaluated by breaking it into parts. That is, 


Spm 20 um 25 wm co 
C= Gan + | Gat | G, dd + G, da 


0 Spm 20 um 25 um 
Hence 
G = 3(1000 W/m?+ wm)(5 — 0) wm + (1000 W/m? + wm)(20 — 5) wm 
+ (1000 W/m? - wm)(25 — 20) wm + 0 
= (2500 + 15,000 + 2500) W/m? 

G = 20,000 W/m? < 
Comments: Generally, radiation sources do not provide such a regular spectral distribu- 
tion for the irradiation. However, the procedure of computing the total irradiation from 
knowledge of the spectral distribution remains the same, although evaluation of the integral 


is likely to involve more detail. 


12.3.4 Relation to Radiosity for an Opaque Surface 


As discussed in Section 12.2, the radiosity accounts for all the radiant energy leaving a sur- 
face. Since this radiation includes the reflected portion of the irradiation, as well as direct 
emission (Figure 12.5b), the radiosity is generally different from the emissive power. The 
spectral radiosity J, (W/m?+ um) represents the rate at which radiation of wavelength » 
leaves a unit area of the surface, per unit wavelength interval dA about A. Since it accounts 
for radiation leaving in all directions, it is related to the intensity associated with emission 
and reflection, J, .4,(A, 0, @), by the expression 


20 ( a/2 
J(A) = | | Ty.c+ (A, 8, b) cos 6 sin 6 dé db (12.23) 
0 Jo 
Hence the total radiosity J (W/m?) associated with the entire spectrum is 


f= [20 dx (12.24) 
0 


748 


Chapter 12 = Radiation: Processes and Properties 


or 
co F207 7/2 
J= | | Ty e+ A, 0, b) cos 6 sin 0 db dh dA (12.25) 
040 Jo 


This quantity is included in Table 12.1. If the surface is both a diffuse reflector and a diffuse 
emitter, I, ,.,.18 independent of @ and @, and it follows that 


JA) = ale, (12.26) 
and 
J=7I,,, €227)) 


Again, note that the radiation flux, in this case the radiosity, is based on the actual surface 
area, while the intensity is based on the projected area. 


12.3.5 Relation to the Net Radiative Flux for an Opaque Surface 


As expressed in Equation 12.5, the net radiative flux from an opaque surface is equal to the 
difference between the outgoing radiosity J and the incoming irradiation G. From Equa- 
tions 12.20 and 12.25, Equation 12.5 may be written in terms of the intensities associated 
with emission, reflection, and irradiation as 


© (20 6 7/2 
Dead = | | | Tye+r (A, 0, b) cos 0 sin 6 dO db dr 
ea (12.28) 


co (Qa f W/2 
-{ | | 1, (A, 0, h) cos 0 sin 6 dé dd dr 
040 Jo 


Hence the net radiative heat flux can be determined if the various intensities are known. 
The formal integration of Equation 12.28 is sometimes carried out in practice but will not 
be performed here. Rather, as will become evident in Sections 12.4 through 12.7, evalua- 
tion of the net radiative flux can be simplified by expressing the various intensities in terms 
of the intensity associated with a perfectly emitting and absorbing surface, the blackbody, 
and the emissivity, absorptivity, and reflectivity of the surface. 


12.4 Blackbody Radiation 


To evaluate the emissive power, irradiation, radiosity, or net radiative heat flux of a real 
opaque surface, we must quantify the spectral intensities used in Equations 12.13, 12.18, 
12.23, and 12.28. To do so, it is useful to first introduce the concept of a blackbody. 


1. A blackbody absorbs all incident radiation, regardless of wavelength and direction. 


2. Fora prescribed temperature and wavelength, no surface can emit more energy than 
a blackbody. 

3. Although the radiation emitted by a blackbody is a function of wavelength and temper- 
ature, it is independent of direction. That is, the blackbody is a diffuse emitter. 


12.4 = Blackbody Radiation 749 


I Diffuse emission 
a 
The= lip 


Ficure 12.11 Characteristics of an 
isothermal blackbody cavity. (a) Complete 


tl absorption. (b) Diffuse emission from an 
Isothermal surface, T° 


“<< aperture. (c) Diffuse irradiation of interior 


(a) (b) (c) surfaces. 


As the perfect absorber and emitter, the blackbody serves as a standard against which the 
radiative properties of actual surfaces may be compared. 

Although closely approximated by some surfaces, it is important to note that no surface 
has precisely the properties of a blackbody. The closest approximation is achieved by a 
cavity whose inner surface is at a uniform temperature. If radiation enters the cavity 
through a small aperture (Figure 12.11a), it is likely to experience many reflections before 
reemergence. Since some radiation is absorbed by the inner surface upon each reflection, it 
is eventually almost entirely absorbed by the cavity, and blackbody behavior is approxi- 
mated. From thermodynamic principles it may then be argued that radiation leaving the 
aperture depends only on the surface temperature and corresponds to blackbody emission 
(Figure 12.115). Since blackbody emission is diffuse, the spectral intensity /, , of radiation 
leaving the cavity is independent of direction. Moreover, since the radiation field in the 
cavity, which is the cumulative effect of emission and reflection from the cavity surface, 
must be of the same form as the radiation emerging from the aperture, it also follows that a 
blackbody radiation field exists within the cavity. Accordingly, any small surface in the 
cavity (Figure 12.11c) experiences irradiation for which G, = E,,, (A, T). This surface is 
diffusely irradiated, regardless of its orientation. Blackbody radiation exists within the cav- 
ity irrespective of whether the cavity surface is highly reflecting or absorbing. 


12.4.1 The Planck Distribution 
The blackbody spectral intensity is well known, having first been determined by Planck [1]. It is 


2he 


1,,(A,T) = 
ve) Nfexp (he,/AkpT) — 1] 


(229) 


where h = 6.626 X 10 *J-s and kp = 1.381 X 10°* J/K are the universal Planck and 
Boltzmann constants, respectively, c, = 2.998 X 10° m/s is the speed of light in vacuum, 
and T is the absolute temperature of the blackbody (K). Since the blackbody is a diffuse 
emitter, it follows from Equation 12.16 that its spectral emissive power is 


C, 
E, (A, T) = wi, A, T) = 12.30 
FWA ) ree ) Mew (C/AT) — 1] ( ) 


where the first and second radiation constants are C; = 2ahc? = 3.742 X 108 W- um*/m? 
and C, = (he,/kg) = 1.439 X 10* wm-K. 


750 Chapter 12 = Radiation: Processes and Properties 


Equation 12.30, known as the Planck distribution, or Planck’s law, is plotted in Figure 
12.12 for selected temperatures. Several important features should be noted. 


1. The emitted radiation varies continuously with wavelength.' 


2. At any wavelength the magnitude of the emitted radiation increases with increasing 
temperature. 


3. The spectral region in which the radiation is concentrated depends on temperature, 
with comparatively more radiation appearing at shorter wavelengths as the temperature 
increases. 


4. A significant fraction of the radiation emitted by the sun, which may be approximated 
as a blackbody at 5800 K, is in the visible region of the spectrum. In contrast, for 
T = 800 K, emission is predominantly in the infrared region of the spectrum and is not 
visible to the eye. 


12.4.2 Wien’s Displacement Law 


From Figure 12.12 we see that the blackbody spectral distribution has a maximum and that 
the corresponding wavelength A.,,,,, depends on temperature. The nature of this dependence 
may be obtained by differentiating Equation 12.30 with respect to A and setting the result 
equal to zero. In so doing, we obtain 


NT ='C, (12.31) 


where the third radiation constant is C; = 2898 wm: K. 

Equation 12.31 is known as Wien’s displacement law, and the locus of points described by 
the law is plotted as the dashed line of Figure 12.12. According to this result, the maximum 
spectral emissive power is displaced to shorter wavelengths with increasing temperature. This 
emission is in the middle of the visible spectrum (A ~ 0.50 wm) for solar radiation, since 
the sun emits approximately as a blackbody at 5800 K. For a blackbody at 1000 K, peak 
emission occurs at 2.90 wm, with some of the emitted radiation appearing visible as red 
light. With increasing temperature, shorter wavelengths become more prominent, until 
eventually significant emission occurs over the entire visible spectrum. For example, a 
tungsten filament lamp operating at 2900 K (,,,, = 1 wm) emits white light, although most 
of the emission remains in the IR region. 


12.4.3 The Stefan—Boltzmann Law 


Substituting the Planck distribution, Equation 12.30, into Equation 12.14, the total emissive 
power of a blackbody E, may be expressed as 


j ee | eS) dy 
0 A [exp(C,/AT) — 1] 


'The continuous nature of blackbody emission can be determined only by considering the discontinuous energy 
states of atomic matter. Planck’s derivation of the blackbody intensity distribution is one of the most important 
discoveries in quantum physics [2]. 
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Amnax T= 2898 um-K 


Solar radiation 


ok 
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Spectral emissive power, E) ,, (W/m*+um) 
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Ficure 12.12 Spectral blackbody emissive power. 


Performing the integration, it may be shown that 
oe (112-32) 
where the Stefan—Boltzmann constant, which depends on C, and C;, has the numerical value 
o = 5.670 X 10°-* W/m? - K* 


This simple, yet important, result is termed the Stefan—Boltzmann law. It enables calculation 
of the amount of radiation emitted in all directions and over all wavelengths simply from 
knowledge of the temperature of the blackbody. Because this emission is diffuse, it follows 
from Equation 12.17 that the total intensity associated with blackbody emission is 


L== (2233) 
12.4.4 Band Emission 


To account for spectral effects, it is often necessary to know the fraction of the total emis- 
sion from a blackbody that is in a certain wavelength interval or band. For a prescribed 
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FicurE 12.13 Radiation Ficure 12.14 Fraction of the total 
emission from a blackbody in blackbody emission in the spectral band 
the spectral band 0 to A. from 0 to A as a function of AT. 


temperature and the interval from 0 to A, this fraction is determined by the ratio of the 
shaded section to the total area under the curve of Figure 12.13. Hence 


nN rN 
E,,dr [e dr 
7 I jb 8 Ab a 
0 


Fo, = ji = AAT) =f(AT) (12.34) 
| E,, dA oT oT 
0 


Since the integrand (EF, ,/oT°) is exclusively a function of the wavelength-temperature 
product AT, the integral of Equation 12.34 may be evaluated to obtain F(o_,,) as a function 
of only AT. The results are presented in Table 12.2 and Figure 12.14. They may also be 
used to obtain the fraction of the radiation between any two wavelengths A, and A,, since 


ie 4 
| E\y dx —_ | Ey» dr 
0 


0 


Fa a.) = = Fo-a,) = Foa,) (12.35) 


oT* 


TABLE 12.2 Blackbody Radiation Functions 


AT 1A, ToT? Th olA, T) 
(jum - K) Fo a) (um: K- sr) | Th, 6Amaxs T) 
200 0.000000 0.375034 x 1072” 0.000000 
400 0.000000 0.490335 x 1078 0.000000 
600 0.000000 0.104046 x 1078 0.000014 
800 0.000016 0.991126 x 1077 0.001372 
1,000 0.000321 0.118505 x 1075 0.016406 
1,200 0.002134 0.523927 x 1075 0.072534 
1,400 0.007790 0.134411 x 1074 0.186082 
1,600 0.019718 0.249130 0.344904 
1,800 0.039341 0.375568 0.519949 
2,000 0.066728 0.493432 0.683123 
2,200 0.100888 0.589649 x 1074 0.816329 
2,400 0.140256 0.658866 0.912155 
2,600 0.183120 0.701292 0.970891 
2,800 0.227897 0.720239 0.997123 


2,898 0.250108 0.722318 x 10+ 1.000000 
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TABLE 12.2 Continued 


AT 1A, Dio? 1A, T) 
(um - K) Fosa (um: K- sr)! To. Amaw T) 
3,000 0.273232 0.720254 x 1074 0.997143 
3,200 0.318102 0.705974 0.977373 
3,400 0.361735 0.681544 0.943551 
3,600 0.403607 0.650396 0.900429 
3,800 0.443382 0.615225 x 1074 0.851737 
4,000 0.480877 0.578064 0.800291 
4,200 0.516014 0.540394 0.748139 
4,400 0.548796 0.503253 0.696720 
4,600 0.579280 0.467343 0.647004 
4,800 0.607559 0.433109 0.599610 
5,000 0.633747 0.400813 0.554898 
5,200 0.658970 0.370580 x 1074 0.513043 
5,400 0.680360 0.342445 0.474092 
5,600 0.701046 0.316376 0.438002 
5,800 0.720158 0.292301 0.404671 
6,000 0.737818 0.270121 0.373965 
6,200 0.754140 0.249723 x 1074 0.345724 
6,400 0.769234 0.230985 0.319783 
6,600 0.783199 0.213786 0.295973 
6,800 0.796129 0.198008 0.274128 
7,000 0.808109 0.183534 0.254090 
7,200 0.819217 0.170256 x 1074 0.235708 
7,400 0.829527 0.158073 0.218842 
7,600 0.839102 0.146891 0.203360 
7,800 0.848005 0.136621 0.189143 
8,000 0.856288 0.127185 0.176079 
8,500 0.874608 0.106772 x 1074 0.147819 
9,000 0.890029 0.901463 x 1075 0.124801 
9,500 0.903085 0.765338 0.105956 
10,000 0.914199 0.653279 x 1075 0.090442 
10,500 0.923710 0.560522 0.077600 
11,000 0.931890 0.483321 0.066913 
11,500 0.939959 0.418725 0.057970 
12,000 0.945098 0.364394 x 1075 0.050448 
13,000 0.955139 0.279457 0.038689 
14,000 0.962898 0.217641 0.030131 
15,000 0.969981 0.171866 x 1075 0.023794 
16,000 0.973814 0.137429 0.019026 
18,000 0.980860 0.908240 x 1078 0.012574 
20,000 0.985602 0.623310 0.008629 
25,000 0.992215 0.276474 0.003828 
30,000 0.995340 0.140469 x 1076 0.001945 
40,000 0.997967 0.473891 X 1077 0.000656 
50,000 0.998953 0.201605 0.000279 
75,000 0.999713 0.418597 x 1078 0.000058 
100,000 0.999905 0.135752 0.000019 
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Additional blackbody functions are listed in the third and fourth columns of Table 12.2. The 
third column facilitates calculation of the spectral intensity for a prescribed wavelength and 
temperature. In lieu of computing this quantity from Equation 12.29, it may be obtained by 
simply multiplying the tabulated value of J,,/aT° by oT°. The fourth column is used to 
obtain a quick estimate of the ratio of the spectral intensity at any wavelength to that at A,,,,. 


EXAMPLE 12.3 
[So eS S| 


Determine an expression for the net radiative heat flux at the surface of the small solid 
object of Figure 12.1 in terms of the surface and surroundings temperatures and the 
Stefan—Boltzmann constant. The small object is a blackbody. 


SOLUTION 
aaa SS) 


Known: Surface temperature of a small blackbody, 7,, and the surroundings tempera- 
ture, T,,,- 


Find: Expression for the net radiative flux at the surface of the small object, q'aq. 


Assumptions: Small object experiences blackbody irradiation. 


Radiation from y 
surroundings oa 


> ert 


yy urface 
( ) radiation 
emission 


Schematic: 


Vacuum 


Surroundings 


Analysis: Since none of the irradiation is reflected from the small object, Equation 12.28 
may be written as 


0 fF 2a ¢ a/2 
Gad = i | i 1,(A, 0, b) cos 6 sin 6 dO do da 
040 Jo 1 
0 F207 6 a/2 ( ) 
-{ | I, fA, 0, b) cos 6 sin 6 dé dd dr 
040 Jo 
The intensity emitted by the small object corresponds to that of a blackbody. Hence 
ThA, 8, b) = hy, T,) (2) 
The intensity corresponding to the irradiation is also black. Therefore 


TAA, 9, &) = Lo, Tour) (3) 
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Since the blackbody intensity is diffuse, it is independent of angles 6 and ¢. Therefore, 
substituting Equations 2 and 3 into Equation 1 yields 


2a ( a/2 co 
Goa = | | cos 6 sin 6 dé dd X | TA, Tour) dA 
0 Jo 0 
2a ( W/2 co 
-{ | cos 6 sin 6 d0 dob X | I, (A, T,) dr 
0 Jo 0 


- “| [ns Tao dd = | “4.79 a] 


Substituting from Equations 12.32 and 12.33 yields 
dai Ol, ~ Te) < 


which is identical to Equation 1.7 with e = 1. 


EXAMPLE 12.4: 

Ea 

Consider a large isothermal enclosure that is maintained at a uniform temperature of 2000 K. 
Calculate the emissive power of the radiation that emerges from a small aperture on the 
enclosure surface. What is the wavelength A, below which 10% of the emission is concen- 
trated? What is the wavelength A, above which 10% of the emission is concentrated? Deter- 
mine the maximum spectral emissive power and the wavelength at which this emission 
occurs. What is the irradiation incident on a small object placed inside the enclosure? 


SOLUTION 


Known: Large isothermal enclosure at uniform temperature. 


Find: 
1. Emissive power of a small aperture on the enclosure. 
2. Wavelengths below which and above which 10% of the radiation is concentrated. 
3. Spectral emissive power and wavelength associated with maximum emission. 
4. Irradiation on a small object inside the enclosure. 


Schematic: 


Ey (T) 


G=E,(T) 


PK on - 
object 


Enclosure, 
T = 2000 K Mum) 
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Assumptions: Areas of aperture and object are very small relative to enclosure surface. 


Analysis: 
1. Emission from the aperture of any isothermal enclosure will have the characteristics of 


blackbody radiation. Hence, from Equation 12.32, 


E=E,(T) = oT‘ = 5.670 X 10 ® W/m? K*(2000 K)* 
E=9.07 X 10° W/m? <J 


2. The wavelength A, corresponds to the upper limit of the spectral band (0 — A,) 


containing 10% of the emitted radiation. With F(o_,,,) = 0.10 it follows from Table 
12.2 that A,T = 2195 wm: K. Hence 


A, = 1.1m <J 


The wavelength A, corresponds to the lower limit of the spectral band (A, > ~) 
containing 10% of the emitted radiation. With 


Faw = 1 — Fosay = 0-1 
Fo, = 0.9 


it follows from Table 12.2 that A,T = 9382 wm: K. Hence 
A, = 4.69 wm < 


3. From Wien’s displacement law, Equation 12.31, Ay a,7 = 2898 wm:K. Hence 


Amax = 1.45 wm < 


The spectral emissive power associated with this wavelength may be computed from 
Equation 12.30 or from the third column of Table 12.2. For A,,,,7 = 2898 um-K it 
follows from Table 12.2 that 


1, (1.45 um, T) = 0.722 X 10~*eT? 
Hence 


1,4 (1.45 wm, 2000 K) = 0.722 x 107* (um+K> sr)! X 5.67 
x 10-8 W/m? - K* (2000 K)° 
1, , (1.45 um, 2000 K) = 1.31 X 10° W/m?: sr* um 


Since the emission is diffuse, it follows from Equation 12.16 that 


Ey» = TL) = 4.12 x 10° W/m? “pm <J 


4. Irradiation of any small object inside the enclosure may be approximated as being 


equal to emission from a blackbody at the enclosure surface temperature. Hence 
G = E,(T), in which case 


G=9.07 X 10° W/m? <J 
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EXAMPLE 12.5 


A surface emits as a blackbody at 1500 K. What is the rate per unit area (W/m?) at which it 
emits radiation over all directions corresponding to 0° <= 6 <= 60° and over the wavelength 
interval 2 um =A =4 wm? 


SOLUTION 


Known: Temperature of a surface that emits as a blackbody. 


Find: Rate of emission per unit area over all directions between 6 = 0° and 60° and over 
all wavelengths between A = 2 and 4 wm. 


Schematic: 


Blackbody at 1500 K 
Assumptions: Surface emits as a blackbody. 


Analysis: The desired emission may be inferred from Equation 12.15, with the limits of 
integration restricted as follows: 


4 (27 (7/3 
AE = | | | I, cos 6 sin 6 dé dh dA 
240 Jo 


or, since a blackbody emits diffusely, 


4 2a ( W/3 
ae={ ho (/ | cos @ sin 6 d@ i) dx 
2 0 Jo 


4 +29 | 7/3 4 
Ape i iy (2m uy an = 0.75 | a, dd 
2 2 0 2, 


Substituting from Equation 12.16 and multiplying and dividing by E,, this result may be 
put in a form that allows for use of Table 12.2 in evaluating the spectral integration. In par- 
ticular, 


: Ex» 
AE = 0.156, ) ik =. 0.75E,, [F(o—a) ~~ Fos 
b 


where from Table 12.2 


A\T =2 um X 1500K = 3000 um-K: Fo.) = 0.273 
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Hence 
AE = 0.75(0.738 — 0.273)E, = 0.75(0.465)E, 
From Equation 12.31, it then follows that 
AE = 0.75(0.465)5.67 X 10° * W/m? K* (1500 K)* = 10° W/m? <j 


Comments: The total, hemispherical emissive power is reduced by 25% and 53.5% due 
to the directional and spectral restrictions, respectively. 


12.5 Emission from Real Surfaces 


Having developed the notion of a blackbody to describe ideal surface behavior, we may 
now consider the behavior of real surfaces. Recall that the blackbody is an ideal emitter in 
the sense that no surface can emit more radiation than a blackbody at the same temperature. 
It is therefore convenient to designate the blackbody as a reference in describing emission 
from a real surface. A surface radiative property known as the emissivity’ may then be 
defined as the ratio of the radiation emitted by the surface to the radiation emitted by a 
blackbody at the same temperature. 

It is important to acknowledge that, in general, the spectral radiation emitted by a real 
surface differs from the Planck distribution (Figure 12.15a). Moreover, the directional distri- 
bution (Figure 12.155) may be other than diffuse. Hence the emissivity may assume different 
values according to whether one is interested in emission at a given wavelength or in a given 
direction, or in integrated averages over wavelength and direction. 


+4 


Blackbody, T Blackbody, J, , 
: Real surface 


i, 0,0.7)= 
G9,» nT) 


Real surface, T 


r 
(a) (b) 


Figure 12.15 Comparison of blackbody and real surface emission. (a) Spectral distribution. 
(b) Directional distribution. 


*In this text we use the -ivity, rather than the -ance, ending for material radiative properties (e.g., “emissivity” 
rather than “emittance”). Although efforts are being made to reserve the -ivity ending for optically smooth, 
uncontaminated surfaces, no such distinction is made in much of the literature, and none is made in this text. 
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The emissivity that accounts for emission over all wavelengths and in all directions is 
the total, hemispherical emissivity, which is the ratio of the total emissive power of a real 
surface, E(T), to the total emissive power of a blackbody at the same temperature, E,(T). 
That is, 


_ ET) 


oO) = EP) 


(12.36) 
If the total, hemispherical emissivity of a surface is known, it is a simple matter to express 
its emissive power in terms of the emissive power of a blackbody by combining Equation 
12.36 with Equation 12.32, namely 


E(T) = &(T)E,(T) = e(T)oT* (12.37) 


While Equation 12.37 is simple in form, its simplicity is deceptive in that e(T) itself 
depends on the spectral and directional characteristics of the surface emission. To develop 
an appropriate understanding of Equation 12.37, we define the spectral, directional 
emissivity €) (A, 0, , T) of a surface at the temperature T as the ratio of the intensity of 
the radiation emitted at the wavelength A and in the direction of 6 and ¢ to the intensity of the 
radiation emitted by a blackbody at the same values of T and A. Hence 


Ih AO, Dy 1) 
Ex 6A, 6, d, i) = a i238) 


Note how the subscripts A and @ designate interest in a specific wavelength and direction 
for the emissivity. In contrast, terms appearing within parentheses designate functional 
dependence on wavelength, direction, and/or temperature. The absence of directional vari- 
ables in the parentheses of the denominator in Equation 12.38 implies that the intensity is 
independent of direction, which is, of course, a characteristic of blackbody emission. In 
like manner a total, directional emissivity €,, which represents a spectral average of &) 9, 
may be defined as 


1.(0, 0, T) 


E((0, dp, T) = ROM) 


(2.39) 


For most engineering calculations, it is desirable to work with surface properties that repre- 
sent directional averages. A spectral, hemispherical emissivity is therefore defined as 


— -A,T) 
6A, T)= EAD (12.40) 


It may be related to the directional emissivity ¢,, by substituting the expression for the 
spectral emissive power, Equation 12.13, to obtain 


2a ( m/2 
| | IAA, 8, b, T) cos 6 sin 6 dé db 
(A, T) =— 


2a ( a/2 
a | I, (A, T) cos 6 sin 6 d0 db 
0 Jo 
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In contrast to Equation 12.13, the temperature dependence of emission is now 
acknowledged. From Equation 12.38 and the fact that J, , is independent of 6 and @, it 
follows that 


Qa f m/2 
| | EA, 0, b, T) cos 6 sin 6 dé db 
o 40 


€,(A, T) = (12.41) 


Qa ( W/2 
| | cos 6 sin 0 dé db 
0 Jo 


Assuming &) 4 to be independent of @, which is a reasonable assumption for most surfaces, 
and evaluating the denominator, we obtain 


m/2 
6,(A, T) =2 | £9(A, 0, T) cos 0 sin 0 dO (12.42) 
(0) 


The total, hemispherical emissivity, which represents an average over all possible direc- 
tions and wavelengths, is defined in Equation 12.36. Substituting Equations 12.14 and 
12.40 into Equation 12.36, it follows that 


i &,(A, T)E, (A, T) da 
0 


an) = ET) (12.43) 


If the emissivities of a surface are known, it is a simple matter to compute its emission 
characteristics. For example, if ¢,(A, T) is known, it may be used with Equations 12.30 
and 12.40 to compute the spectral emissive power of the surface at any wavelength and 
temperature, 


Cie, (A, T) 
dM [exp(C,/AT) — 1] 


IO, 1) = BC, PMS, ACh, 2) = (12.44) 


As noted previously, if e(T) is known, it may be used to compute the emissive power of the 
surface at any temperature, as in Equation 12.37. Measurements have been performed to 
determine these properties for many different materials and surface coatings. 

The directional emissivity of a diffuse emitter is a constant, independent of direction. 
However, although this condition is often a reasonable approximation, all surfaces exhibit 
some departure from diffuse behavior. Representative variations of ¢, with 6 are shown 
schematically in Figure 12.16 for conducting and nonconducting materials. For conductors 


Nonconductor 


Conductor 


a4 , 
FicurE 12.16 Representative directional distributions 


@(deg) of the total, directional emissivity. 
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&q is approximately constant over the range 6 < 40°, after which it increases with increas- 
ing @ but ultimately decays to zero. In contrast, for nonconductors €g is approximately 
constant for 6 = 70°, beyond which it decreases sharply with increasing 9. One implica- 
tion of these variations is that, although there are preferential directions for emission, the 
hemispherical emissivity ¢ will not differ markedly from the normal emissivity €,, corre- 
sponding to 6 = 0. In fact the ratio rarely falls outside the range 1.0 S (e/e,) = 1.3 for 
conductors and the range of 0.95 =< (é/e,) = 1.0 for nonconductors. Hence to a reasonable 
approximation, 


EE, (12.45) 
Note that, although the foregoing statements were made for the total emissivity, they also 
apply to spectral components. 

Since the spectral distribution of emission from real surfaces departs from the Planck 
distribution (Figure 12.15a), we do not expect the value of the spectral emissivity ¢, to be 
independent of wavelength. Representative spectral distributions of ¢, are shown in 
Figure 12.17. The manner in which ¢, varies with A depends on whether the solid is a con- 
ductor or nonconductor, as well as on the nature of the surface coating. 

Representative values of the total, normal emissivity ¢, are plotted in Figures 12.18 
and 12.19 and listed in Table A.11. Several generalizations may be made. 


1. The emissivity of metallic surfaces is generally small, achieving values as low as 0.02 
for highly polished gold and silver. 

2. The presence of oxide layers may significantly increase the emissivity of metallic sur- 
faces. From Figure 12.18, contrast the values of 0.3 and 0.7 for stainless steel at 900 K, 
depending on whether it is polished or heavily oxidized. 


3. The emissivity of nonconductors is comparatively large, generally exceeding 0.6. 


4. The emissivity of conductors increases with increasing temperature; however, depend- 
ing on the specific material, the emissivity of nonconductors may either increase or 
decrease with increasing temperature. Note that the variations of e¢, with T shown in 


‘S 
co 


o 
fo) 
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oxide, 


9 
BR 


i. fs 
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iO 


Spectral, normal emissivity, €,,,, 
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FicurE 12.17 Spectral dependence of the spectral, normal emissivity €,,,, of selected 


materials. 
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Silicon carbide 


==" 
cae f 
~o Stainless steel, 
heavily oxidized 


sly Aluminum oxide 


Stainless steel 
polished 


Total, normal emissivity, €,, 


Tungsten 


300 700 1100 1500 1900 2300 2700 3100 
Temperature (K) 


FicurE 12.18 Temperature dependence of the total, normal emissivity ¢, of selected 


materials. 


Figure 12.18 are consistent with the spectral distributions of ¢,,, shown in Figure 12.17. 
These trends follow from Equation 12.43. Although the spectral distribution of &),, is 
approximately independent of temperature, there is proportionately more emission at 
lower wavelengths with increasing temperature. Hence, if €, ,, increases with decreasing 
wavelength for a particular material, ¢, will increase with increasing temperature for 


that material. 


It should be recognized that the emissivity depends strongly on the nature of the surface, 
which can be influenced by the method of fabrication, thermal cycling, and chemical 
reaction with its environment. More comprehensive surface emissivity compilations are 


available in the literature [3-6]. 


0) 0.2 0.4 0.6 0.8 1.0 
Total, normal emissivity, €, 


FicurE 12.19 Representative values of the total, normal 


emissivity €,. 
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EXAMPLE 12.6 
——EEESSSESEEES Ss 
A diffuse surface at 1600 K has the spectral, hemispherical emissivity shown as follows. 


1.0 


0.8 


Ey, (A) 


0 2 5 
2 (um) 


Determine the total, hemispherical emissivity and the total emissive power. At what wave- 
length will the spectral emissive power be a maximum? 


SOLUTION 


Known: Spectral, hemispherical emissivity of a diffuse surface at 1600 K. 


Find: 
1. Total, hemispherical emissivity. 
2. Total emissive power. 
3. Wavelength at which spectral emissive power will be a maximum. 


Assumptions: Surface is a diffuse emitter. 
Analysis: 


1. The total, hemispherical emissivity is given by Equation 12.43, where the integration 
may be performed in parts as follows: 


io) 2. 5 
| EEX» dv aif E\, dn es{ Ey dv 
= 0 = 0 \ 2 
Ey ER 6, 


or 
é= €)F 052 um) + &[ Foss ym) Fos2 um)] 
From Table 12.2 we obtain 


A,T = 2 wm X 1600 K = 3200 pm: K: FiG-einy — O18 
AT = 5 wm X 1600 K = 8000 pm: K: F 6x50) = 0856 
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Hence 


é = 04 X 0.318 + 0.8[0.856 — 0.318] = 0.558 < 


2. From Equation 12.36 the total emissive power is 


E = eE, = eoT* 
E = 0.558(5.67 X 10-8 W/m? : K*)(1600 K)* = 207 kW/m? < 


3. If the surface emitted as a blackbody or if its emissivity were a constant, independent 
of A, the wavelength corresponding to maximum spectral emission could be obtained 
from Wien’s displacement law. However, because ¢, varies with A, it is not immedi- 
ately obvious where peak emission occurs. From Equation 12.31 we know that 


_ 2898 um+K 


A max 
1600 K 


= 1.81 um 


The spectral emissive power at this wavelength may be obtained by using Equation 
12.40 with Table 12.2. That is, 


EX inaxe T) = EA max) Ey pA max? T) 
or, since the surface is a diffuse emitter, 


E\ A mnaxs i) = TE (A max) Ly oA max T) 


hh pAmaxe T) 
TE\(A max) ——_- X oT? 


E,(1.81 um, 1600 K) = w X 0.4 X 0.722 X 10-4 (wm: K- sr)! X 5.67 
< 10-8 W/m?- K* X (1600 K)° = 54 kW/m?: wm 
Since ¢, = 0.4 from A = 0 to A = 2 wm, the foregoing result provides the maximum 
spectral emissive power for the region A < 2 wm. However, with the change in e, that 


occurs at A = 2 um, the value of EF, at A =2 ym may be larger than that for 
A = 1.81 wm. To determine whether this is, in fact, the case, we compute 


Lp(A1,T 
A eg 


5 
: oT 
o 


E\(A,, T) = 7e,(A)) 


where, for A, T = 3200 um°K, [I (Ay, T/oT?] = 0.706 X 10-4 (wm-K-<sr) '. Hence 


E,(2 wm, 1600 K) = a X 0.80 X 0.706 X 10° *(um-K-~ sr)! X 5.67 
X 10-8 W/m? - K* (1600 K)° 


E,(2 wm, 1600 K) = 105.5 kW/m?: wm > E,(1.81 um, 1600 K) 
and peak emission occurs at 


A=), =2 pm <J 
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Comments: For the prescribed spectral distribution of ¢,, the spectral emissive power 
will vary with wavelength as shown. 


Expy Ey 


EXAMPLE 12.7 


Measurements of the spectral, directional emissivity of a metallic surface at T = 2000 K 
and A = 1.0 wm yield a directional distribution that may be approximated as follows: 


0.6 


4,9 (0) 


0 30 60 80 90 
O(deg) 


Determine corresponding values of the spectral, normal emissivity; the spectral, hemi- 


spherical emissivity; the spectral intensity of radiation emitted in the normal direction; and 
the spectral emissive power. 


SOLUTION 


Known: Directional distribution of ¢,, at A = 1 wm for a metallic surface at 2000 K. 


Find: 


1. Spectral, normal emissivity €,,, and spectral, hemispherical emissivity &). 
2. Spectral, normal intensity /, , and spectral emissive power E). 


Analysis: 


1. From the measurement of ¢, , at A = 1 wm, we see that 


Exn = €, o(1 wm, 0°) = 0.3 
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From Equation 12.42, the spectral, hemispherical emissivity is 
a2 
€,(1 wm) = 2] E, 9 COS @ sin 0 dé 
0 


or 


4/9 


7/3 
4n/9 
a/3 


“a8 (0.75) + 2:6 20. 97 —0. 75) 


€\(1 wm) = 0. dq 


m/3 
€,(1 wm) = | oaf cos sin 6 dé + 0.6 cos # sin 0 wo 


a3 sin2 ra) 
+ 0.6 
2 


(1 pm) = a|oasne u 


2. From Equation 12.38 the spectral intensity of radiation emitted at A = 1 wm in the 
normal direction is 


1,,,(1 wm, 0°, 2000 K) = e 61 wm, 0°) ,(1 zm, 2000 K) 


where €) (1 wm, 0°) = 0.3 and J,,(1 wm, 2000 K) may be obtained from Table 12.2. 
For AT = 2000 wm°K, (1) ,/oT°) = 0.493 X 10-4 (wm-K>sr) | and 


Ty = 0.493 X 10-4 (wm-K->sr)~! X 5.67 X 10-8 W/m? : K* (2000 K)° 
I, , = 8.95 X 104 W/m?+ wm: sr 
Hence 
1,1 wm, 0°, 2000 K) = 0.3 X 8.95 X 10* W/m?: wm: sr 
1,,,(1 wm, 0°, 2000 K) = 2.69 X 10* W/m? wm: sr <J 
From Equation 12.40 the spectral emissive power for A = 1 wm and T = 2000 K is 
E\( wm, 2000 K) = e,(1 um)E, (1 wm, 2000 kK) 


where 
FE, (1 wm, 2000 K) = 71, ,(1 wm, 2000 K) 
E,,(1 wm, 2000 K) = ar sr X 8.95 X 10* W/m?: wm: sr 
= 2.81 X 10° W/m? um 
Hence 
E,(1 wm, 2000 K) = 0.36 X 2.81 X 10° W/m?: wm 
or 


E,(. um, 2000 K) = 1.01 < 10° W/m?+ wm <J 
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12.6 Absorption, Reflection, and Transmission by Real Surfaces 


In the preceding section, we learned that emission from a real surface is associated with a 
surface property termed the emissivity ¢. To determine the net radiative heat flux from 
the surface, it is also necessary to consider properties that determine the absorption, reflec- 
tion, and transmission of the irradiation. In Section 12.3.3 we defined the spectral irradia- 
tion G,(W/m? + wm) as the rate at which radiation of wavelength A is incident on a surface 
per unit area of the surface and per unit wavelength interval dA about A. It may be incident 
from all possible directions, and it may originate from several different sources. The total 
irradiation G (W/m?) encompasses all spectral contributions and may be evaluated from 
Equation 12.19. 

In the most general situation the irradiation interacts with a semitransparent medium, 
such as a layer of water or a glass plate. As shown in Figure 12.20 for a spectral component 
of the irradiation, portions of this radiation may be reflected, absorbed, and transmitted. 
From a radiation balance on the medium, it follows that 


Gy = G) ret + G\ abs a Gyr (12.46) 


In general, determination of these components is complex, depending on the upper and 
lower surface conditions, the wavelength of the radiation, and the composition and thick- 
ness of the medium. Moreover, conditions may be strongly influenced by volumetric effects 
occurring within the medium. 

In a simpler situation, which pertains to most engineering applications, the medium 
is opaque to the incident radiation. In this case, G, ,, = 0 and the remaining absorption 
and reflection processes may be treated as surface phenomena. That is, they are con- 
trolled by processes occurring within a fraction of a micrometer from the irradiated sur- 
face. It is therefore appropriate to speak of irradiation being absorbed and reflected by 
the surface, with the relative magnitudes of G).,,, and G,,.; depending on A and the 
nature of the surface material. There is no net effect of the reflection process on 
the medium, while absorption has the effect of increasing the internal thermal energy 
of the medium. 

It is interesting to note that surface absorption and reflection are responsible for our 
perception of color. Unless the surface is at a high temperature (7, = 1000 K), such that 
it is incandescent, color is in no way due to emission, which is concentrated in the IR 
region, and is hence imperceptible to the eye. Color is instead due to selective reflection 
and absorption of the visible portion of the irradiation that is incident from the sun or 
an artificial source of light. A shirt is “red” because it contains a pigment that preferentially 
absorbs the blue, green, and yellow components of the incident light. Hence the relative 


Irradiation, Reflection, 
G, Greg 


Gy = Gy rep + Grabs + Gate 


Semitransparent nan Absorption, 
medium G) abs 
rg a ee FicuRE 12.20 Spectral absorption, reflection, 


é Transmission, and transmission processes associated with a 


Gute semitransparent medium. 


768 


Chapter 12 = Radiation: Processes and Properties 


contributions of these components to the reflected light, which is seen, is diminished, and 
the red component is dominant. Similarly, a leaf is “green” because its cells contain chloro- 
phyll, a pigment that shows strong absorption in the blue and the red and preferential 
reflection in the green. A surface appears “black” if it absorbs all incident visible radiation, 
and it is “white” if it reflects this radiation. However, we must be careful how we interpret 
such visual effects. For a prescribed irradiation, the “color” of a surface may not indicate its 
overall capacity as an absorber or reflector, since much of the irradiation may be in the IR 
region. A “white” surface such as snow, for example, is highly reflective to visible radia- 
tion but strongly absorbs IR radiation, thereby approximating blackbody behavior at long 
wavelengths. 

In Section 12.2, we introduced properties to characterize the absorption, reflection, and 
transmission processes. In general these properties depend on surface material and finish, 
surface temperature, and the wavelength and direction of the incident radiation. These 
properties are considered in the following subsections. 


12.6.1 Absorptivity 


The absorptivity is a property that determines the fraction of the irradiation absorbed by a 
surface. Determination of the property is complicated by the fact that, like emission, it may 
be characterized by both a directional and spectral dependence. The spectral, directional 
absorptivity, a) 9(A, 6, b), of a surface is defined as the fraction of the spectral intensity 
incident in the direction of @ and ¢ that is absorbed by the surface. Hence 


Dea’, 0, d) 


ae RAG 
1.0.0.4) Coad 


ay ofA, 6,6) = 


In this expression, we have neglected any dependence of the absorptivity on the surface 
temperature. Such a dependence is small for most spectral radiative properties. 

It is implicit in the foregoing result that surfaces may exhibit selective absorption 
with respect to the wavelength and direction of the incident radiation. For most engi- 
neering calculations, however, it is desirable to work with surface properties that repre- 
sent directional averages. We therefore define a spectral, hemispherical absorptivity 
a,(A) as 


Gy abs(A) 
i) = 12.48 
(A) G,(a) ( ) 
which, from Equations 12.18 and 12.47, may be expressed as 
2a ( m/2 
| | ay (A, O, AL, (A, 8, &) cos 8 sin 6 db db 
a,(A) =~2—* (12.49) 


2a ( m/2 
| | 1 (A, 9, &) cos 6 sin 6 dé db 
0 Jo 


Hence a, depends on the directional distribution of the incident radiation, as well as on 
the wavelength of the radiation and the nature of the absorbing surface. Note that, if the 
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incident radiation is diffusely distributed and a), is independent of , Equation 12.49 
reduces to 


a/2 
a)(A) = 2] a, 9(A, 8) cos 6 sin 6 dé (12.50) 
0 


The total, hemispherical absorptivity, a, represents an integrated average over both 
direction and wavelength. It is defined as the fraction of the total irradiation absorbed by 
a surface 


c— (12.51) 


and, from Equations 12.19 and 12.48, it may be expressed as 


| “ay(A)G (A) dv 
c= (12.52) 


x dx 


Accordingly, a depends on the spectral distribution of the incident radiation, as well as on 
its directional distribution and the nature of the absorbing surface. Note that, although a is 
approximately independent of surface temperature, the same may not be said for the total, 
hemispherical emissivity, ¢. From Equation 12.43 it is evident that this property is strongly 
temperature dependent. 

Because a depends on the spectral distribution of the irradiation, its value for a surface 
exposed to solar radiation may differ appreciably from its value for the same surface exposed 
to longer wavelength radiation originating from a source of lower temperature. Since the 
spectral distribution of solar radiation is nearly proportional to that of emission from a black- 
body at 5800 K, it follows from Equation 12.52 that the total absorptivity to solar radiation as 
may be approximated as 


| a,(A)E, ,(A, 5800 K) da 
as (12.53) 
| E, (A, 5800 K) da 
0 


The integrals appearing in this equation may be evaluated by using the blackbody radiation 
function F(o_,,) of Table 12.2. 


12.6.2 Reflectivity 


The reflectivity is a property that determines the fraction of the incident radiation reflected by 
a surface. However, its specific definition may take several different forms, because the prop- 
erty is inherently bidirectional [7]. That is, in addition to depending on the direction of the 
incident radiation, it also depends on the direction of the reflected radiation. We shall avoid 
this complication by working exclusively with a reflectivity that represents an integrated aver- 
age over the hemisphere associated with the reflected radiation and therefore provides no 
information concerning the directional distribution of this radiation. Accordingly, the 
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spectral, directional reflectivity, p, (A, 9, &), of a surface is defined as the fraction of the 
spectral intensity incident in the direction of 6 and d, which is reflected by the surface. Hence 


The spectral, hemispherical reflectivity p,(A) is then defined as the fraction of the spectral 
irradiation that is reflected by the surface. Accordingly, 


which is equivalent to 


2a ¢ a/2 
| | Py fA, 0, py (A, 0, d) cos 6 sin 0 do do 
0 0 


py(A) = (12.56) 


27 ( a/2 
| i I, (A, 8, ) cos 6 sin 6 dé df 
0 Yo 


The total, hemispherical reflectivity p is then defined as 


in which case 


| | PANG) dn 


p= (12.58) 


- [G0 dn 


Surfaces may be idealized as diffuse or specular, according to the manner in which they 
reflect radiation (Figure 12.21). Diffuse reflection occurs if, regardless of the direction of 
the incident radiation, the intensity of the reflected radiation is independent of the reflection 
angle. In contrast, if all the reflection is in the direction of 6,, which equals the incident angle 
@,, specular reflection is said to occur. Although no surface is perfectly diffuse or specular, 
the latter condition is more closely approximated by polished, mirror-like surfaces and the 
former condition by rough surfaces. The assumption of diffuse reflection is reasonable for 
most engineering applications. 


Incident Reflected 
ray radiation of 

uniform 

intensity 


0, = 05 
Incident | Reflected 
ray ray 


Ficure 12.21 Diffuse and specular reflection. 
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12.6.3 Transmissivity 


Although treatment of the response of a semitransparent material to incident radiation is a 
complicated problem [7], reasonable results may often be obtained through the use of 
hemispherical transmissivities defined as 


Gy (A) 
= 12.59 
Ty Ga ( ) 
and 
Gy 
=— 12.60 
ae ( ) 


The total transmissivity 7 is related to the spectral component 7, by 


fanaa [nara 
= = (12.61) 


| Gy) dA | GA) da 


12.6.4 Special Considerations 
From the radiation balance of Equation 12.46 and the foregoing definitions, 
py ta+m =1 (12.62) 


for a semitransparent medium. This is analogous to Equation 12.2 but on a spectral basis. 
Of course, if the medium is opaque, there is no transmission, and absorption and reflection 
are surface processes for which 


a+p,=1 (12.63) 


which is analogous to Equation 12.3. Hence knowledge of one property implies knowledge 
of the other. 

Spectral distributions of the normal reflectivity and absorptivity are plotted in Fig- 
ure 12.22 for selected opaque surfaces. A material such as glass or water, which is semi- 
transparent at short wavelengths, becomes opaque at longer wavelengths. This behavior is 
shown in Figure 12.23, which presents the spectral transmissivity of several common semi- 
transparent materials. Note that the transmissivity of glass is affected by its iron content 
and that the transmissivity of plastics, such as Tedlar, is greater than that of glass in the 
IR region. These factors have an important bearing on the selection of cover plate materials 
for solar collector applications, design and selection of windows for energy conservation, 
and specification of materials for fabrication of the optical components of infrared imaging 
systems. Values for the total transmissivity to solar radiation of common collector cover 
plate materials are presented in Table A.12, along with surface solar absorptivities and 
low-temperature emissivities. 
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Ficure 12.22 Spectral dependence of the spectral, normal absorptivity a,,,, and reflectivity 
Py.» of selected opaque materials. 
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FicureE 12.23 Spectral dependence of the spectral transmissivities 7, of selected 
semitransparent materials. 


12.6 = Absorption, Reflection, and Transmission by Real Surfaces Fares) 


EXAMPLE 12.8 
SSS 


The spectral, hemispherical absorptivity of an opaque surface and the spectral irradiation at 
the surface are as shown. 


1.0 500 
E 
= 
s z 
= 
Ss 
0.2 
6) 6) 
02 4 6 8 1012 1416 02 4 6 8 10121416 
Mum) Mum) 


How does the spectral, hemispherical reflectivity vary with wavelength? What is the total, 
hemispherical absorptivity of the surface? If the surface is initially at 500K and has a 
total, hemispherical emissivity of 0.8, how will its temperature change upon exposure to 
the irradiation? 


SOLUTION 
ESE 


Known: Spectral, hemispherical absorptivity and irradiation of a surface. Surface tem- 
perature (500 K) and total, hemispherical emissivity (0.8). 


Find: 
1. Spectral distribution of reflectivity. 
2. Total, hemispherical absorptivity. 
3. Nature of surface temperature change. 


Schematic: 


E=€E, aG 


i = 500 K, €=0.8 


Assumptions: 
1. Surface is opaque. 
2. Surface convection effects are negligible. 


3. Back surface is insulated. 


Analysis: 
1. From Equation 12.63, p, = 1 — a,. Hence from knowledge of a,(A), the spectral dis- 
tribution of p, is as shown. 
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1.0 
0.8 


p,, (2) 


2. From Equations 12.51 and 12.52, 


a,G, dr 
2... noe 


G ie) 
[om 
0 


or, subdividing the integral into parts, 


16 


6 8 
02 | G, dA + 500 | a, dvd + 1.0 G, dr 
£. 2 6 8 


a 


6 12 16 
i G, dr +| G, dv + G, dr 
2 6 


12 


a = {0.2()500 W/m? : zm (6 — 2) um 

+ 500 W/m?> um [0.2(8 — 6) wm + (1 — 0.2)(5)(8 — 6) wm] 

+ [1 X 500 W/m?: wm (12 — 8) wm 

+ 1G)500 W/m? zm (16 — 12) um] } 

[(5)500 W/m? - wm (6 — 2) wm + 500 W/m?: wm (12 — 6) wm 
+ (5)500 W/m? wm (16 — 12) wm] 


Hence 


— Gis _ (200 + 600 + 3000) W/m? _ 3800 W/m? _ 


0.76 
G (1000 + 3000 + 1000) W/m? 5000 W/m? 


3. Neglecting convection effects, the net heat flux to the surface is 
gi4=aG — E=aG— soT* 
Hence 


re = 0.76(5000 W/m?) — 0.8 X 5.67 X 10-* W/m? K*(500 K)* 
roy = 3800 — 2835 = 965 W/m? 


Since Get > 0, the surface temperature will increase with time. 
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EXAMPLE 12.9 
——=—E—EE————ES Al 


The cover glass on a flat-plate solar collector has a low iron content, and its spectral trans- 
missivity may be approximated by the following distribution. 


1.0 
0.9 
Ss 
Ap = 2.5m 
0 
0 1 2 3 


A(um) 
What is the total transmissivity of the cover glass to solar radiation? 
SOLUTION 
EES 
Known: Spectral transmissivity of solar collector cover glass. 


Find: Total transmissivity of cover glass to solar radiation. 


Assumptions: Spectral distribution of solar irradiation is proportional to that of black- 
body emission at 5800 K. 


Analysis: From Equation 12.61 the total transmissivity of the cover is 
| Ty Gy dv 
0 


Te ee 
[oa 
0 


where the irradiation G, is due to solar emission. Having assumed that the sun emits as a 
blackbody at 5800 K, it follows that 


G(A) * E) (5800 K) 


With the proportionality constant canceling from the numerator and denominator of the 
expression for 7, we obtain 


| TE, ,(5800 K) dy 
0 


T= 


| E, ,(5800 K) da 
0 


or, for the prescribed spectral distribution of 7,(A), 


2.5 


E, ,(5800 K) da 


= 0.90 
a E,(5800 K) 
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From Table 12.2 
A, = 0.3 wm, T = 5800 K: A,T = 1740 um: K, Fo_,,, = 0.0335 
Ay = 2.5 um, T = 5800 K: A,T = 14,500 um: K, Fo_,,, = 0.9664 
Hence from Equation 12.35 


7 = 0.90[Fosa) — Fio+ayl = 0.90(0.9664 — 0.0335) = 0.84 <J 


Comments: It is important to recognize that the irradiation at the cover plate is not equal 
to the emissive power of a blackbody at 5800 K, G, # E,, (5800 K). It is simply assumed to 
be proportional to this emissive power, in which case it is assumed to have a spectral 
distribution of the same form. With G, appearing in both the numerator and denominator of 
the expression for 7, it is then possible to replace G, by E) ,,. 


12.7 Kirchhoff’s Law 


In the foregoing sections we separately considered real surface properties associated with 
emission and irradiation. In Sections 12.7 and 12.8 we consider conditions for which the 
emissivity and absorptivity are equal. 

Consider a large, isothermal enclosure of surface temperature 7,, within which several 
small bodies are confined (Figure 12.24). Since these bodies are small relative to the enclo- 
sure, they have a negligible influence on the radiation field, which is due to the cumulative 
effect of emission and reflection by the enclosure surface. Recall that, regardless of its 
radiative properties, such a surface forms a blackbody cavity. Accordingly, regardless of 
its orientation, the irradiation experienced by any body in the cavity is diffuse and equal to 
emission from a blackbody at T,. 


G=E,\T,) (12.64) 


Under steady-state conditions, thermal equilibrium must exist between the bodies and 
the enclosure. Hence 7, = T, == T,, and the net rate of energy transfer to each 


Ficure 12.24 Radiative exchange in 
an isothermal enclosure. 
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surface must be zero. Applying an energy balance to a control surface about body 1, it 
follows that 


a,GA, — E(T,)A; =0 
or, from Equation 12.64, 


E\7s) 
ay 


= E,(Ts) 


Since this result must apply to each of the confined bodies, we then obtain 


E\(T;) _ E,(T,) = 
a) ay 


= ET) (12.65) 


This relation is known as Kirchhoff’s law. A major implication is that, since a = 1, 
E(T,) = E,(7,). Hence no real surface can have an emissive power exceeding that of a 
black surface at the same temperature, and the notion of the blackbody as an ideal emitter 
is confirmed. 

From the definition of the total, hemispherical emissivity, Equation 12.36, an alterna- 
tive form of Kirchhoff’s law, is 


€; _ €&) 
QQ, a 


=] 


Hence, for any surface in the enclosure, 
ée=a (12.66) 


That is, the total, hemispherical emissivity of the surface is equal to its total, hemispherical 
absorptivity ifisothermal conditions exist and no net radiation heat transfer occurs at any of 
the surfaces. 

We will later find that calculations of radiative exchange between surfaces are greatly 
simplified if Equation 12.66 may be applied to each of the surfaces. However, the restric- 
tive conditions inherent in its derivation should be remembered. In particular, the surface 
irradiation has been assumed to correspond to emission from a blackbody at the same tem- 
perature as the surface. In Section 12.8 we consider other, less restrictive, conditions for 
which Equation 12.66 is applicable. 

The preceding derivation may be repeated for spectral conditions, and for any surface 
in the enclosure it follows that 


& =a, (12.67) 


Conditions associated with the use of Equation 12.67 are less restrictive than those associ- 
ated with Equation 12.66. In particular, it will be shown that Equation 12.67 is applicable if 
the irradiation is diffuse or if the surface is diffuse. A form of Kirchhoff’s law for which 
there are no restrictions involves the spectral, directional properties. 


Exo = 26 (12.68) 


This equality is always applicable because ¢€) 4 and a) 4 are inherent surface properties. That 
is, respectively, they are independent of the spectral and directional distributions of the 
emitted and incident radiation. 

More detailed developments of Kirchhoff’s law are provided by Planck [1] and Howell 
et al. [7]. 
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12.3 The Gray Surface 


In Chapter 13 we will find that the problem of predicting radiant energy exchange between 
surfaces is greatly simplified if Equation 12.66 may be assumed to apply for each individ- 
ual surface. It is therefore important to examine whether this equality may be applied to 
conditions other than those for which it was derived, namely, irradiation due to emission 
from a blackbody at the same temperature as the surface. 

Accepting the fact that the spectral, directional emissivity and absorptivity are equal 
under any conditions, Equation 12.68, we begin by considering the conditions associated 
with using Equation 12.67. According to the definitions of the spectral, hemispherical prop- 
erties, Equations 12.41 and 12.49, we are really asking under what conditions, if any, the 
following equality will hold: 


2a ¢ W/2 2a ( W/2 
| | €,9cosOsinOdbdd , | | a, 1,;,c08 @ sin 6 dd dh 
2 0 0 ~ 70 “0 


=a, (12.69) 


Ey 


Qa f a/2 2 a/2 
| | cos 6 sin 6 d0 dd | I, cos 6 sin 0 dé db 
0 Jo 


0 0 


Since €, 9 = Q 49, it follows by inspection of Equation 12.69 that Equation 12.67 is applica- 
ble if either of the following conditions is satisfied: 


1. The irradiation is diffuse (1, ; is independent of 6 and ¢). 
2. The surface is diffuse (€) 9 and a, g are independent of 6 and @). 


The first condition is a reasonable approximation for many engineering calculations; the 
second condition is reasonable for many surfaces, particularly for electrically nonconduct- 
ing materials (Figure 12.16). 

Assuming the existence of either diffuse irradiation or a diffuse surface, we now con- 
sider what additional conditions must be satisfied for Equation 12.66 to be valid. From 
Equations 12.43 and 12.52, the equality applies if 


| EE, p(A,T) dA | a,G,(A) da 
220) + Jo = 
E,(T) G 


(12.70) 


Since €, = a), it follows by inspection of Equation 12.70 that Equation 12.66 applies if 
either of the following conditions is satisfied: 


1. The irradiation corresponds to emission from a blackbody at the surface temperature T, 
in which case G,(A) = E, ,(A, T) and G = E, (7). 


2. The surface is gray (a, and €, are independent of 2). 


Note that the first condition corresponds to the major assumption required for the deriva- 
tion of Kirchhoff’s law (Section 12.7). 

Because the total absorptivity of a surface depends on the spectral distribution of the 
irradiation, it cannot be stated unequivocally that a = ¢. For example, a particular surface 
may be highly absorbing to radiation in one spectral region and virtually nonabsorbing in 
another region (Figure 12.25a). Accordingly, for the two possible irradiation fields G, (A) 
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1.0 


P p. 
iy a hy a 


(a) (b) 


FicureE 12.25 Spectral distribution of (a) the spectral absorptivity of 
a surface and (b) the spectral irradiation at the surface. 


and G, (A) of Figure 12.25, the values of a will differ drastically. In contrast, the value 
of ¢ is independent of the irradiation. Hence there is no basis for stating that a is always 
equal to €. 

To assume gray surface behavior, hence the validity of Equation 12.66, it is not 
necessary for a, and €, to be independent of A over the entire spectrum. Practically speaking, 
a gray surface may be defined as one for which a, and €, are independent of X over the spec- 
tral regions of the irradiation and the surface emission. For example, from Equation 12.70 
it is readily shown that gray surface behavior may be assumed for the conditions of 
Figure 12.26. That is, the irradiation and surface emission are concentrated in a region for 
which the spectral properties of the surface are approximately constant. Accordingly, 


x Na 
Exo] Ex ,(A,T) dr Qo} GA) dA 
A 


é= =€ and a= =a 
ET) A,o Ao 


in which case a = € = &,,. However, if the irradiation were in a spectral region corre- 
sponding toA <A, orA > Ay, gray surface behavior could not be assumed. 

A surface for which a, 4 and €, are independent of 6 and A is termed a diffuse, gray 
surface (diffuse because of the directional independence and gray because of the wave- 
length independence). It is a surface for which both Equations 12.66 and 12.67 are 


s Exo = Qo 
I 
oy 
ry Na 
2 
° J 
ry ig Na 


Ex.» 


FicureE 12.26 A set of conditions for which gray surface behavior 
ay Ne a may be assumed. 
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satisfied. We assume such surface conditions in many of our subsequent considerations, 
particularly in Chapter 13. However, although the assumption of a gray surface is reason- 
able for many practical applications, caution should be exercised in its use, particularly if 
the spectral regions of the irradiation and emission are widely separated. 


EXAMPLE 12.10 


A diffuse, fire brick wall of temperature T, = 500 K has the spectral emissivity shown and 
is exposed to a bed of coals at 2000 K. 


(um) 


Determine the total, hemispherical emissivity and emissive power of the fire brick wall. 
What is the total absorptivity of the wall to irradiation resulting from emission by 
the coals? 


SOLUTION 


Known: Brick wall of surface temperature T, = 500 K and prescribed ¢,(A) is exposed to 
coals at T, = 2000 K. 


Find: 
1. Total, hemispherical emissivity of the fire brick wall. 
2. Total emissive power of the brick wall. 


3. Absorptivity of the wall to irradiation from the coals. 


Schematic: 


Assumptions: 
1. Brick wall is opaque and diffuse. 


2. Spectral distribution of irradiation at the brick wall approximates that due to emission 
from a blackbody at 2000 K. 
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Analysis: 
1. The total, hemispherical emissivity follows from Equation 12.43. 


| EAE, ,A,T,) dr 
0 


ET) = 


E,(T,) 
Breaking the integral into parts, 
A, Ay oe 
Ey, dd | Ey dn | Ey, da 
1 I Aa 
&(T;) = €y1 : E, + Ey» E; r En 3 E; 


and introducing the blackbody functions, it follows that 

E(T,) = €)4 Foa,) + E, 21Fo-a,) _ Foal + €& 3[1 — Foal 
From Table 12.2 

A,T, = 1.5 wm X 500 K = 750 pm: K: Fos, = 9.000 

AT, = 10 wm X 500 K = 5000 wm: K: Fosa,) = 9.634 
Hence 


e(T,) = 0.1 X0 + 0.5 X 0.634 + 0.8 (1 — 0.634) = 0.610 <J 


2. From Equations 12.32 and 12.36, the total emissive power is 
E(T,) = e(TE,(T,) = e(T,)oT; 
E(T,) = 0.61 X 5.67 X 107-8 W/m? : K4(500 K)* = 2162 W/m? <J 


3. From Equation 12.52, the total absorptivity of the wall to radiation from the coals is 


| — a(AGA) dy 


a= 


| GM) da 


Since the surface is diffuse, a,(A) = €,(A). Moreover, since the spectral distribution of 
the irradiation approximates that due to emission from a blackbody at 2000 K, G,(A) % 
E, ,(A, T,). It follows that 


| Ex (A )E\ WA iT) dx 
0 


a= 


| Ey (AT) dA 
0 


Breaking the integral into parts and introducing the blackbody functions, we then 
obtain 


a= €) 4 Fo, + E21 Fo-a,) — Fo-ayl + Ey, all i Fo-a,] 
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From Table 12.2 


A,T. = 1.5 wm X 2000 K = 3000 wm: K: Fos) = 0.273 
AT, = 10 wm X 2000 K = 20,000 wm: K: Fosa,) = 9.986 
Hence 
a =0.1 X 0.273 + 0.5(0.986 — 0.273) + 0.8(1 — 0.986) = 0.395 < 
Comments: 


1. The emissivity depends on the surface temperature T,, while the absorptivity depends 
on the spectral distribution of the irradiation, which depends on the temperature of the 
source T... 


2. The surface is not gray, a # e. This result is to be expected. Since emission is associated 
with T, = 500 K, its spectral maximum occurs at A,,,, ~~ 6 wm. In contrast, since irradia- 
tion is associated with emission from a source at T. = 2000 K, its spectral maximum 
occurs at A», ~ 1.5 wm. Even though e, and a, are equal, because they are not constant 
over the spectral ranges of both emission and irradiation, a # e. For the prescribed spec- 
tral distribution of €, = a), € and a@ decrease with increasing 7, and T., respectively, and 
it is only for 7, = T.. that e = a. The foregoing expressions for ¢ and a may be used to 
determine their equivalent variation with T, and 7., and the following result is obtained: 


1.0 


0.8 


500 1000 1500 2000 
T, or T., (K) 


EXAMPLE 12.11 


A small, solid metallic sphere has an opaque, diffuse coating for which a, = 0.8 for 
A =5 wm anda, = 0.1 forA > 5 wm. The sphere, which is initially at a uniform tempera- 
ture of 300 K, is inserted into a large furnace whose walls are at 1200 K. Determine the 
total, hemispherical absorptivity and emissivity of the coating for the initial condition and 
for the final, steady-state condition. 


SOLUTION 


Known: Small metallic sphere with spectrally selective absorptivity, initially at 
T, = 300 K, is inserted into a large furnace at T, = 1200 K. 
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Find: 
1. Total, hemispherical absorptivity and emissivity of sphere coating for the initial condition. 


2. Values of a and « after sphere has been in furnace a long time. 


Schematic: 


aG 1.0 
May jaa 0.8 
! \ 
\ | = 
\ ’ 8 


Soa 
eo at Sphere of mass, M, 


area, A,, temperature, 7,, 
and specific heat, c, 10) 5 


Furnace 


enclosure, T, €E, ts 


Assumptions: 
1. Coating is opaque and diffuse. 


2. Since furnace surface is much larger than that of sphere, irradiation approximates 
emission from a blackbody at T;. 


Analysis: 
1. From Equation 12.52 the total, hemispherical absorptivity is 
| a(A)G,(A) dA 
eas S 
| G,(A) dar 
0 


or, with G, = E,,(T) = E,4(, 1200 K), 


| a,(A)E, p(A,1200 K) da 
0 


a= 


E,(1200 K) 


Hence 


Ay id 
| E) ,(A, 1200 K) dv | E) (A, 1200 K) da 
0 i Ay 


a=) TM) 9 


E,(1200 K) 


E,(1200 K) 
or 
a— a 1Fo-a,) + a [1 — Fos, 
From Table 12.2, 
A, T= 5 wm X 1200 K = 6000 pm: K: Fo35>0738 
Hence 


a = 0.8 X 0.738 + 0.1 (1 — 0.738) = 0.62 
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The total, hemispherical emissivity follows from Equation 12.43. 


| seua.ty aa 
0 
E,(T,) 


e(T;) = 
Since the surface is diffuse, ¢, = a, and it follows that 


Ay © 
['e0.300K) ax fy s0A, 300K) ar 
0 Ai 


eee BE G00K) © 2 300 K) 


or, 
EA) Fo-a,) + a 21 _ Foal 
From Table 12.2, 
A,T, = 5 wm X 300 K = 1500 wm: K: Fos) = 9.014 
Hence 


é=0.8 X 0.014 + 0.10. — 0.014) = 0.11 < 


2. Because the spectral characteristics of the coating and the furnace temperature remain 
fixed, there is no change in the value of a with increasing time. However, as T, 
increases with time, the value of ¢ will change. After a sufficiently long time, T, = T;, 
and € = a (e = 0.62). 


Comments: 


1. The equilibrium condition that eventually exists (T, = T;) corresponds precisely to the 
condition for which Kirchhoff’s law was derived. Hence a must equal e. 


2. Approximating the sphere as a lumped capacitance and neglecting convection, an 
energy balance for a control volume about the sphere yields 


E; = Eva a Ex 
7 aT, 
(aG)A, — (e0T)A, = Mc, ae 


The differential equation could be solved to determine 7(t) for t > 0, and the variation 
in e that occurs with increasing time would have to be included in the solution. 


12.9 Environmental Radiation 


Solar radiation is essential to all life on earth. Through the process of photosynthesis, solar 
radiation satisfies the human need for food, fiber, and fuel. Utilizing thermal and photovoltaic 
processes, it also has the potential to satisfy considerable demand for heat and electricity. 
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Together, solar radiation and radiation emitted by surfaces of the earth’s land and oceans 
comprise what is commonly termed environmental radiation. It is the interaction of 
environmental radiation with the earth’s atmosphere that determines the temperature 
of our planet. 


12.9.1 Solar Radiation 


The sun is a nearly spherical radiation source that is 1.39 X 10°m in diameter and is 
located 1.50 X 10'' m from the earth. As noted previously, the sun emits approximately as 
a blackbody at 5800 K. As the radiation emitted by the sun travels through space, the radia- 
tion flux decreases because of the greater (spherical) area through which it passes. At the 
outer edge of the earth’s atmosphere, the flux of solar energy has decreased by a factor of 
(r,/r,)°, where r, is the radius of the sun and r, is the distance from the sun to the earth. The 
solar constant,’ S., is defined as the flux of solar energy incident on a surface oriented nor- 
mal to the sun’s rays, at the outer edge of the earth’s atmosphere, when the earth is at its 
mean distance from the sun (Figure 12.27). It has a value of 1368 + 0.65 W/m?. For a hori- 
zontal surface (that is, parallel to the earth’s surface), solar radiation appears as a beam of 
nearly parallel rays that form an angle 6, the zenith angle, relative to the surface normal. 
The extraterrestrial solar irradiation, Gs, defined for a horizontal surface, depends on the 
geographic latitude, as well as the time of day and year. It may be determined from an 
expression of the form 


Gs, = S.° f° cos 6 (12.71) 


The quantity fis a correction factor to account for the eccentricity of the earth’s orbit about 
the sun (0.97 = f= 1.03). On a time- and surface area-averaged basis, the earth receives 
S.X arz/4ar2 = §./4 = 342 Wim? of solar irradiation. The diameter of the earth is 
d= 2h. = 1,27 * 10) mi; 

As shown in Figure 12.28a, the spectral distribution of extraterrestrial solar irradiation 
approximates that of a blackbody at 5800 K. The radiation is concentrated in the short 


Earth 
atmosphere 


i Earth 


Sirace Ficure 12.27 Directional nature of solar radiation outside the 


earth’s atmosphere. 


>The term solar constant is a misnomer in that its value varies with time in a predictable manner. Radiation emit- 
ted by the sun undergoes an 11-year cycle with peak emission (+0.65 W/m’) corresponding to periods of high 
sunspot activity [8]. 
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Ficure& 12.28 Solar and environmental radiation. (a) Spectral distribution of downward-propagating short wavelength solar 
radiation. (b) Spectral distribution of upward-propagating long wavelength environmental radiation. (c) Energy balance on the 
atmosphere for moderate temperature and cloudy conditions [9]. 
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wavelength region (0.2 SA =3 ym) of the spectrum with the peak occurring at 
approximately 0.50 wm. However, as the solar radiation propagates through the earth’s 
atmosphere, its magnitude and both its spectral and directional distributions experience 
substantial modification. This change is due to absorption and scattering of the radiation by 
atmospheric constituents. The effect of absorption by the atmospheric gases O; (ozone), 
H,O, O,, and CO, is shown on the lower curve of Figure 12.28a corresponding to solar 
irradiation at the earth’s surface, after it has passed through the atmosphere. Absorption by 
ozone is strong in the UV region, providing considerable attenuation below 0.4 wm and 
complete attenuation below 0.3 wm. In the visible region there is some absorption by O; 
and O,, and in the near and far IR regions absorption is dominated by water vapor. 
Throughout the solar spectrum, there is also continuous absorption of short wavelength 
radiation by the dust and aerosol content of the atmosphere, including the products of fossil 
fuel combustion such as soot. 

Atmospheric scattering provides for redirection of the sun’s rays and therefore also 
affects solar radiation reaching the earth’s surface. Two types of scattering are shown in 
Figure 12.29. Rayleigh (or molecular) scattering is caused by very small gas molecules. It 
occurs when the ratio of the effective molecule diameter to the wavelength of the radiation, 
7D/A, is much less than unity and provides for nearly uniform scattering of the radiation in 
all directions. In contrast, Mie scattering by larger dust or soot particles occurs when 7rD/A 
is approximately unity and is concentrated in the direction of the incident rays. Hence virtu- 
ally all Mie-scattered radiation strikes the earth’s surface in directions close to that of the 
sun’s rays. 


12.9.2 The Atmospheric Radiation Balance 


In addition to solar irradiation from above, the atmosphere is irradiated from below by the 
earth’s surface. Since the average temperature of the earth is approximately 290 K, this 
upward-propagating radiation is concentrated at longer wavelengths, as shown in Fig- 
ure 12.28. The spectral distribution of the earth’s emission varies smoothly relative to the 
distribution of the extraterrestrial solar irradiation of Figure 12.28a; the smooth variation is 
also characteristic of many engineered surfaces. However, like the downward-propagating 
solar irradiation of Figure 12.28a, the terrestrial emission is modified by absorption and 
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Ficure 12.29 Scattering of solar 
radiation in the earth’s atmosphere. 
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scattering as it propagates upward through the atmosphere. Absorption by water vapor 
occurs throughout the spectrum. Strong ozone absorption is noted in the wavelength region 
around 9 ym and robust CO, absorption spans the wavelength region 13 SA S 16 wm. 
The majority of terrestrial emission in the 8 = A S 13 wm atmospheric window propagates 
to the outer edge of the atmosphere, except in the spectral range associated with strong 
ozone absorption. Rayleigh and Mie scattering of the long wavelength terrestrial emission 
is triggered by the presence of various particles and aerosols in the atmosphere. 

The modification of both the downward-propagating extraterrestrial solar irradiation 
and the upward-propagating terrestrial emission due to absorption and scattering have a 
profound influence on the energy balance of the atmosphere. For either the upward- or 
downward-propagating radiation, the net effect is the heating of the atmosphere since the 
energy content of the radiation leaving the atmosphere is less than that of the corresponding 
incoming radiation. However, this heating is balanced by cooling due to radiation emitted 
by atmospheric constituents. 

A representative equilibrium energy balance (Figure 12.28c) shows the partitioning of 
the short wavelength solar irradiation and the long wavelength terrestrial emission [9]. Of the 
surface- and time-averaged value of 342 W/m? for the solar irradiation at the outer edge of 
earth’s atmosphere, 77 W/m? is reflected back to space, primarily by Rayleigh scattering, 
while 67 W/m? heats the atmosphere through the effects of absorption, including absorption 
by soot, dust, and clouds. The remaining portion of the solar irradiation (198 W/m’) reaches 
the earth’s surface, where 30 W/m’ reflects back to space and 168 W/m? is absorbed. 

The partitioning of the long wavelength radiation associated with emission from the 
earth’s surface is more complex. The time-averaged surface emission (390 W/m”) is mainly 
absorbed by the atmosphere, except for 40 W/m? corresponding to the atmospheric window. 
The remaining 350 W/m* component of the surface emission combines with the short 
wavelength radiation absorption (67 W/m), convection (24 W/m”) from the earth’s surface, 
and condensation in the form of precipitation in the lowest regions of the atmosphere 
(78 W/m?) to heat the bulk of the atmosphere. In turn, the heated atmospheric gases emit 
radiation at long wavelengths resulting in a radiation flux of 165 W/m” at the outer edge of 
the atmosphere, and a corresponding downward radiation flux of 324 W/m* at the earth’s 
surface. Emission from clouds accounts for a radiation flux of 30 W/m’. Since conditions 
are assumed to be in equilibrium, the net heat transfer at the outer edge of the atmosphere 
and at the earth’s surface are both zero. 

In reality, conditions are not in equilibrium, since the absorption and scattering of both 
short- and long-wavelength radiation evolve in response to the changing chemical and par- 
ticulate content of our atmosphere. Anthropogenic activity that influences the makeup of 
the atmosphere is primarily related to the combustion of fossil fuels, leading to increases in the 
CO, and aerosol content of the atmosphere. Hence gas absorption and aerosol-induced scat- 
tering (and absorption) are continually being affected by human activity. In general, as the 
CO, content of the atmosphere increases, long wavelength radiation emitted by the surface of 
the earth and absorbed by the atmosphere (350 W/m?) will be absorbed closer to the earth’s 
surface, resulting in a decrease in the outgoing emission (165 W/m’) of long-wavelength 
radiation at the top of the atmosphere and a corresponding increase in radiative flux to the 
earth’s surface (324 W/m’). With a reduction in the outgoing long wavelength emission, 
the net heat transfer at the top of the atmosphere, termed radiative forcing, is to the atmos- 
phere, and atmospheric temperatures must increase. 

The reduction in the outgoing long-wavelength emission could be offset by increases 
in other components at the top of the atmosphere such as enhanced reflection of short- 
wavelength solar irradiation due to Rayleigh scattering (107 W/m?) [10] or reflection of 
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short-wavelength radiation from the earth’s surface (30 W/m’) [11]. However, as engineers 
improve the efficiency and cleanliness of combustion processes, for example, the concen- 
trations of aerosols and particles that are responsible for scattering are correspondingly 
reduced. Decreasing the production of pollutants by improving combustion technology 
has important health benefits for humankind, but ironically may lead to a reduction in the 
beneficial short-wavelength reflection (107 W/m’), increasing the temperature of the atmos- 
phere and also potentially changing the convection and precipitation that occurs in the 
lower atmosphere, influencing and modifying weather patterns [12-14]. Clearly, fossil fuel 
combustion and the associated environmental radiation heat transfer effects are complex, 
and, while they are not completely understood, they may have a profound impact at the 
global scale. 


12.9.3 Terrestrial Solar Irradiation 


Solar irradiation at the earth’s surface may be utilized in a wide variety of engineering 
applications, including but not limited to heating and electricity generation. Increased 
usage of solar irradiation for these purposes reduces our dependence on fossil fuels and, in 
turn, can mitigate the potential for atmospheric warming. As such, knowledge of the nature 
of the solar irradiation at the earth’s surface is crucial. Detailed treatment of solar energy 
technologies is left to the literature [15-19]. 

The cumulative effect of the scattering processes on the directional distribution of 
solar radiation striking the earth’s surface is shown in Figure 12.30a. That portion of the 
radiation that has penetrated the atmosphere without having been scattered (or absorbed) is 
in the direction of the zenith angle and is termed the direct radiation. The scattered radia- 
tion is incident from all directions, although its intensity is largest for directions close to that 
of the direct radiation. The scattered radiation may vary from approximately 10% of the 
total solar radiation on a clear day to nearly 100% on a very overcast day. The scattered 
component of the solar radiation is often approximated as being independent of direction 
(Figure 12.30b), or diffuse. 

As evident in Figure 12.28c, the long-wavelength forms of the environmental radiation 
include emission from the earth’s surface, as well as gas emission from certain atmospheric 
constituents. The emissive power from the earth’s surface may be computed in the conven- 
tional manner. That is, 


E=eoT' (12.72) 


Direct Direct 


Scattered 


Scattered 
(diffuse FicureE 12.30 Directional distribution 


approximation) —_ of solar radiation at the earth’s surface. 


(a) Actual distribution. (b) Diffuse 
(a) (b) approximation. 
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where e¢ and TJ are the surface emissivity and temperature, respectively. As implied in 
Figure 12.28b, emissivities are generally close to unity; that of water, for example, is 
approximately 0.97. Using ¢ = 0.97 and E = 390 W/m? from Figure 12.28c, the effective 
radiation temperature of the earth is T= 291 K. Emission is concentrated in the spectral 
region from approximately 4 to 40 wm, with the peak occurring at approximately 10 jm, as 
evident in Figure 12.28b. 

Downward-propagating atmospheric emission that is incident upon the earth’s surface 
is largely due to the CO, and H,O content of the atmosphere and is concentrated in the 
spectral regions from 5 to 8 wm and above 13 wm. Although the spectral distribution of 
atmospheric emission does not correspond to that of a blackbody, its contribution to irradi- 
ation of the earth’s surface can be estimated using Equation 12.32. In particular, irradiation 
at the earth’s surface due to atmospheric emission may be expressed in the form 


(Sie = ly (12.73) 


where Ty, is termed the effective sky temperature. Its value depends on atmospheric 
conditions, and for the moderate temperature, cloudy conditions of Figure 12.28c, 
Gam = 324 W/m? and Ty = 275 K. Actual values range from a low of 230 K under a cold, 
clear sky to a high of approximately 285 K under warm, cloudy conditions. When its value 
is small, as on a cool, clear night, an exposed pool of water may freeze even though the air 
temperature exceeds 273 K. 

We close by recalling that values of the spectral properties of a surface at short wave- 
lengths may be appreciably different from values at long wavelengths (Figures 12.17 and 
12.22). Since solar radiation is concentrated in the short wavelength region of the spectrum 
and surface emission is at much longer wavelengths, it follows that many surfaces may not 
be approximated as gray in their response to solar irradiation. In other words, the solar 
absorptivity of a surface a, may differ from its emissivity e. Values of as and the emissiv- 
ity at moderate temperatures are presented in Table 12.3 for representative surfaces. Note 
that the ratio a;/e is an important engineering parameter. Small values are desired if the 
surface is intended to reject heat; large values are required if the surface is intended to col- 
lect solar energy. 


TABLE 12.3 Solar Absorptivity a; and Emissivity ¢ of Surfaces 
Having Spectral Absorptivity Given in Figure 12.22 


Surface Qs € (300 K) ale 
Evaporated aluminum film 0.09 0.03 3.0 
Fused quartz on aluminum film 0.19 0.81 0.24 
White paint on metallic substrate 0.21 0.96 0.22 
Black paint on metallic substrate 0.97 0.97 1.0 
Stainless steel, as received, dull 0.50 0.21 2.4 
Red brick 0.63 0.93 0.68 
Human skin (Caucasian) 0.62 0.97 0.64 
Snow 0.28 0.97 0.29 


Corn leaf 0.76 0.97 0.78 
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EXAMPLE 12.12 

—————EEEE==Ssssaa 

A flat-plate solar collector with no cover plate has a selective absorber surface of emissivity 
0.1 and solar absorptivity 0.95. At a given time of day the absorber surface temperature 7, 
is 120°C when the solar irradiation is 750 W/m”, the effective sky temperature is — 10°C, 
and the ambient air temperature T,, is 30°C. Assume that the heat transfer convection coef- 
ficient for the calm day conditions can be estimated from 


h = 0.22(T, — T.,)'? W/m? -K 


Calculate the useful heat removal rate (W/m?) from the collector for these conditions. What 
is the corresponding efficiency of the collector? 


SOLUTION 


Known: Operating conditions for a flat-plate solar collector. 


Find: 
1. Useful heat removal rate per unit area, g/, " (W/m?). 
2. Efficiency 1 of the collector. 


Schematic: 
Teyy = -10°C | 
” Air 
Gs = 750 W/m? Wi... = 30° 
e=0.1 h = 0.22 (1, — T..)3 Wim?+K 
es T, = 120°C 
= AsGs OcpyG. atm Tony E 
COROROMOMOMO % $ 2 2 
qi, useful heat removal Sax | rears 
Gu 
Assumptions: 


1. Steady-state conditions. 
2. Bottom of collector well insulated. 
3. Absorber surface diffuse. 


Analysis: 


1. Performing an energy balance on the absorber, 


Ein = Evu = 0 
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or, per unit surface area, 
asGs ae A skyGatm ~ Geonw = Gi =) 
From Equation 12.73, 
— 74 
Goa ~~ OD ves 


Since the atmospheric irradiation is concentrated in approximately the same spectral 
region as that of surface emission, it is reasonable to assume that 


ag =e 01 
With 
Qeony = WT, — T,,) = 0.22(T, — T..)” and E=eoT? 

it follows that 

GQ = asGs + oT 4, — 0.22(T, — T..)*? — eoT$ 

Gy = GG; — 0.220, — TT)? a0} — Tay) 

qi, = 0.95 X 750 W/m? — 0.22(120 — 30)*3 W/m? 

—0.1 X 5.67 X 10-8 W/m?- K4(393* — 263+) K* 
qi, = (712.5 — 88.7 — 108.1) W/m? = 516 W/m? <J 


2. The collector efficiency, defined as the fraction of the solar irradiation extracted as 
useful energy, is then 


— qi — 516 Wim? _ 


0.69 <J 
Gs 750 Wim? 


Comments: 


1. Since the spectral range of G,, is entirely different from that of Gs, it would be 
incorrect to assume that ag = as. 


2. The convection heat transfer coefficient is extremely low (h ~ 1 W/m?:K). With a 
modest increase to h = 5 W/m’K, the useful heat flux and the efficiency are reduced 
to g! = 154 W/m? and y = 0.21. A cover plate can contribute significantly to reducing 
convection (and radiation) heat loss from the absorber plate. 


12.10 Summary 


Many new and important ideas have been introduced in this chapter, and at this stage you 
may well be confused, particularly by the terminology. However, the subject matter has 
been developed in a systematic fashion, and a careful rereading of the material should make 
you more comfortable with its application. A glossary has been provided in Table 12.4 to 
assist you in assimilating the terminology. 
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TABLE 12.4 Glossary of Radiative Terms 


Term 


Absorption 


Absorptivity 


Blackbody 
Diffuse 


Directional 


Directional distribution 


Emission 


Emissive power 


Emissivity 


Gray surface 


Hemispherical 
Intensity 


Irradiation 


Kirchhoff’ s law 


Planck’s law 


Radiosity 


Reflection 


Reflectivity 


Semitransparent 
Solid angle 


Spectral 


Spectral distribution 


Definition 


The process of converting radiation intercepted by matter to internal 
thermal energy. 

Fraction of the incident radiation absorbed by matter. 

Equations 12.47, 12.48, and 12.51. 

Modifiers: directional, hemispherical, spectral, total. 

The ideal emitter and absorber. Modifier referring to ideal behavior. 
Denoted by the subscript b. 

Modifier referring to the directional independence of the intensity associated 
with emitted, reflected, or incident radiation. 

Modifier referring to a particular direction. 

Denoted by the subscript 0. 

Refers to variation with direction. 

The process of radiation production by matter at a finite temperature. 
Modifiers: diffuse, blackbody, spectral. 

Rate of radiant energy emitted by a surface in all directions per unit area of 
the surface, E (W/m’). 

Modifiers: spectral, total, blackbody. 

Ratio of the radiation emitted by a surface to the radiation emitted by a 
blackbody at the same temperature. 

Equations 12.36, 12.38, 12.39, and 12.40. 

Modifiers: directional, hemispherical, spectral, total. 

A surface for which the spectral absorptivity and the emissivity are 
independent of wavelength over the spectral regions of surface irradiation 
and emission. 

Modifier referring to all directions in the space above a surface. 

Rate of radiant energy propagation in a particular direction, per unit area 
normal to the direction, per unit solid angle about the direction, J (W/m** sr). 
Modifier: spectral. 

Rate at which radiation is incident on a surface from all directions per unit 
area of the surface, G (W/m’). 

Modifiers: spectral, total, diffuse. 

Relation between emission and absorption properties for surfaces 
irradiated by a blackbody at the same temperature. 

Equations 12.65, 12.66, 12.67, and 12.68. 

Spectral distribution of emission from a blackbody. 

Equation 12.30. 

Rate at which radiation leaves a surface due to emission and reflection in all 
directions per unit area of the surface, J (W/m’). 

Modifiers: spectral, total. 

The process of redirection of radiation incident on a surface. 

Modifiers: diffuse, specular. 

Fraction of the incident radiation reflected by matter. 

Equations 12.54, 12.55, and 12.57. 

Modifiers: directional, hemispherical, spectral, total. 

Refers to a medium in which radiation absorption is a volumetric process. 
Region subtended by an element of area on the surface of a sphere with 
respect to the center of the sphere, w (sr). 

Equations 12.7 and 12.8. 

Modifier referring to a single-wavelength (monochromatic) component. 
Denoted by the subscript A. 


Refers to variation with wavelength. 
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TABLE 12.4 Continued 


Term Definition 

Specular Refers to a surface for which the angle of reflected radiation is equal to the 
angle of incident radiation. 

Stefan—Boltzmann law Emissive power of a blackbody. 
Equation 12.32. 

Thermal radiation Electromagnetic energy emitted by matter at a finite temperature 
and concentrated in the spectral region from approximately 0.1 to 
100 wm. 

Total Modifier referring to all wavelengths. 

Transmission The process of thermal radiation passing through matter. 

Transmissivity Fraction of the incident radiation transmitted by matter. 


Equations 12.59 and 12.60. 
Modifiers: hemispherical, spectral, total. 


Wien’s displacement law Locus of the wavelength corresponding to peak emission by a blackbody. 
Equation 12.31. 


Test your understanding of the terms and concepts introduced in this chapter by 
addressing the following questions. 


¢ What is the nature of radiation? What two important features characterize radiation? 

¢ What is the physical origin of radiation emission from a surface? How does emission 
affect the thermal energy of a material? 

¢ In what region of the electromagnetic spectrum is thermal radiation concentrated? 

e What is the spectral intensity of radiation emitted by a surface? On what variables does 
it depend? How may knowledge of this dependence be used to determine the rate at 
which matter loses thermal energy due to emission from its surface? 

¢ What is a steradian? How many steradians are associated with a hemisphere? 

e What is the distinction between spectral and total radiation? Between directional and 
hemispherical radiation? 

¢ What is total emissive power? What role does it play in a surface energy balance? 

e What is a diffuse emitter? For such an emitter, how is the intensity related to the total 
emissive power? 

¢ What is irradiation? How is it related to the intensity of incident radiation, if the radia- 
tion is diffuse? 

¢ What is radiosity? What role do the total radiosity and the total irradiation play in a sur- 
face energy balance? 

¢ What are the characteristics of a blackbody? Does such a thing actually exist in nature? 
What is the principal role of blackbody behavior in radiation analysis? 

¢ What is the Planck distribution? What is Wien’s displacement law? 

¢ From memory, sketch the spectral distribution of radiation emission from a blackbody 
at three temperatures, 7, < T, < 73. Identify salient features of the distributions. 

¢ In what region of the electromagnetic spectrum is radiation emission from a surface at 
room temperature concentrated? What is the spectral region of concentration for a 
surface at 1000°C? For the surface of the sun? 
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What is the Stefan—Boltzmann law? How would you determine the total intensity of 
radiation emitted by a blackbody at a prescribed temperature? 

How would you approximate the total irradiation of a small surface in a large 
isothermal enclosure? 

In the term total, hemispherical emissivity, to what do the adjectives total and 
hemispherical refer? 

How does the directional emissivity of a material change as the zenith angle associated 
with emission approaches 90°? 

If the spectral emissivity of a material increases with increasing wavelength, how does 
its total emissivity vary with temperature? 

What is larger, the emissivity of a polished metal or an oxidized metal? A refractory 
brick or ice? 

What processes accompany irradiation of a semitransparent material? An opaque 
material? 

Are glass and water semitransparent or opaque materials? 

How is the perceived color of a material determined by its response to irradiation in the 
infrared portion of the spectrum? How is its color affected by its temperature? 

Can snow be thought of as a good absorber or reflector of incident infrared radiation? 
How is the thermal energy of a material affected by the absorption of incident 
radiation? By the reflection of incident radiation? 

Can the total absorptivity of an opaque surface at a fixed temperature differ according to 
whether irradiation is from a source at room temperature or from the sun? Can its 
reflectivity differ? Its emissivity? 

What is a diffuse reflector? A specular reflector? How does the roughness of a surface 
affect the nature of reflection for the surface? 

Under what conditions is there equivalence between the spectral, directional emissivity 
of a surface and the spectral, directional absorptivity? The spectral, hemispherical emis- 
sivity and the spectral, hemispherical absorptivity? The total, hemispherical emissivity 
and the total, hemispherical absorptivity? 

What is a gray surface? 

How does the gas and aerosol content of the atmosphere modify the spectral variation 
of downward-propagating solar radiation? How does the content of the atmosphere 
modify the spectral variation of upward-propagating terrestrial emission? 

What is meant by radiative forcing, and what is the impact of such forcing on the 
temperature of earth’s atmosphere? 

How can the effective radiation temperature of the earth be calculated from the 
atmospheric radiation balance? What is the effective sky temperature, and how can it be 
determined from the atmospheric radiation balance? 

What is the directional nature of solar radiation outside the earth’s atmosphere? At the 
surface of the earth? 

What is the primary difference between Rayleigh and Mie scattering? In the context 
of solar and environmental radiation, how do these scattering phenomena affect the 
temperature of earth’s atmosphere? How might anthropogenic activity affect radiation 
scattering, absorption, and emission in the atmosphere? 
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Radiation Heat Fluxes 


12.1 Consider an opaque horizontal plate that is well insu- 


12.2 


lated on its back side. The irradiation on the plate is 
2500 W/m?, of which 500 W/m’ is reflected. The plate 
is at 227°C and has an emissive power of 1200 W/m’. 
Air at 127°C flows over the plate with a heat transfer 
convection coefficient of 15 W/m?:K. Determine the 
emissivity, absorptivity, and radiosity of the plate. 
What is the net heat transfer rate per unit area? 


A horizontal, opaque surface at a steady-state tempera- 
ture of 77°C is exposed to an airflow having a free 
stream temperature of 27°C with a convection heat 
transfer coefficient of 28 W/m’: K. The emissive power 
of the surface is 628 W/m’, the irradiation is 
1380 W/m”, and the reflectivity is 0.40. Determine the 
absorptivity of the surface. Determine the net radiation 
heat transfer rate for this surface. Is this heat transfer to 
the surface or from the surface? Determine the com- 
bined heat transfer rate for the surface. Is this heat 
transfer to the surface or from the surface? 


12.3 The top surface of an L = 5-mm-thick anodized alu- 


12.4 


minum plate is irradiated with G = 1000 W/m’ while 
being simultaneously exposed to convection condi- 
tions characterized by h = 40 W/m?:K and T., = 30°C. 
The bottom surface of the plate is insulated. For a 
plate temperature of 400K as well as a = 0.14 and 
€ = 0.76, determine the radiosity at the top plate sur- 
face, the net radiation heat flux at the top surface, and 
the rate at which the temperature of the plate is chang- 
ing with time. 


A horizontal semitransparent plate is uniformly irradi- 
ated from above and below, while air at T,, = 300K 
flows over the top and bottom surfaces, providing 
auniform convection heat transfer coefficient of 
h = 40 W/m?:K. The absorptivity of the plate to the 
irradiation is 0.40. Under steady-state conditions mea- 
surements made with a radiation detector above the 
top surface indicate a radiosity (which includes trans- 
mission, as well as reflection and emission) of 
J = 5000 W/m’, while the plate is at a uniform tem- 
perature of T = 350K. 


a Problems 


Detector 


T., h ’, Ss 


Semitransparent 
plate, T 


- §% 


Determine the irradiation G and the emissivity of 
the plate. Is the plate gray (e = a) for the prescribed 
conditions? 


Intensity, Emissive Power, and Irradiation 


12.5 What is the irradiation at surfaces A,, A3, and A, of 
Example 12.1 due to emission from A,? 


12.6 Consider a small surface of area A, = 10°* m’, which 
emits diffusely with a total, hemispherical emissive 
power of E, = 5 X 10* W/m’. 


(a) At what rate is this emission intercepted by a small 
surface of area A, =5 X 10 4m’, which is ori- 
ented as shown? 


(b) What is the irradiation Gy on A? 


(c)| For zenith angles of 6, = 0, 30, and 60°, plot G, 
as a function of the separation distance for 0.25 = 
ry = 1.0m. 


12.7 A furnace with an aperture of 20-mm diameter and emis- 
sive power of 3.72 X 10° W/m’ is used to calibrate a heat 
flux gage having a sensitive area of 1.6 * 107° m’. 


(a) At what distance, measured along a normal from 
the aperture, should the gage be positioned to 
receive irradiation of 1000 W/m?? 


(b) If the gage is tilted off normal by 20°, what will be 
its irradiation? 


(c)| For tilt angles of 0, 20, and 60°, plot the gage 
irradiation as a function of the separation distance 
for values ranging from 100 to 300 mm. 
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12.8 A small radiant source A, emits diffusely with 


an intensity J, = 1.2 X 10° W/m?:sr. The radiation 
detector A, is aligned normal to the source at a 
distance of L, = 0.2m. An opaque screen is posi- 
tioned midway between A, and A, to prevent radia- 
tion from the source reaching the detector. The small 
surface A,, is a perfectly diffuse mirror that permits 
radiation emitted from the source to be reflected into 
the detector. 


Ya 


Opaque screen 
y Ay 


Ay 
y, = 0.1 m—- - - 7 7 - 7 
: Ne a7 
. ‘ Ap =A, 
* - A,, = 2A, 
ae ! a A,=1x10%m? 
\ 

‘aa ua ! xX 
0) L,=0.2m 

x,=0.1m 


(a) Calculate the radiant power incident on A,, due to 
emission from the source Aj, Gy-s(W). 


(b) Assuming that the radiant power, q,_,,,, is perfectly 
and diffusely reflected, calculate the intensity leav- 
ing Ay, I, (W/m? sr). 

(c) Calculate the radiant power incident on A, due to 
the reflected radiation leaving A,,,, J,>2("@W). 


(d) | Plot the radiant power q,,_,. as a function of the lat- 
eral separation distance y, for the range 0=y, = 
0.2 m. Explain the features of the resulting curve. 


12.9 According to its directional distribution, solar radiation 


incident on the earth’s surface may be divided into two 
components. The direct component consists of parallel 
rays incident at a fixed zenith angle 6, while the diffuse 
component consists of radiation that may be approxi- 
mated as being diffusely distributed with 0. 


Direct n 


NW! 


lig 


Diffuse 


Consider clear sky conditions for which the direct radi- 
ation is incident at 6 = 30°, with a total flux (based on 
an area that is normal to the rays) of q'j, = 1000 W/m’, 
and the total intensity of the diffuse radiation is 
Tig = 70 W/m?: sr. What is the total solar irradiation at 
the earth’s surface? 
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12.10 Solar radiation incident on the earth’s surface may 
be divided into the direct and diffuse components 
described in Problem 12.9. Consider conditions for 
a day in which the intensity of the direct solar radia- 
tion is J, = 210 X 10’ W/m?:sr in the solid angle 
subtended by the sun with respect to the earth, 
Aw, = 6.74 X 10> sr. The intensity of the diffuse 
radiation is Ij, = 70 W/m’: sr. 


(a) What is the total solar irradiation at the earth’s 
surface when the direct radiation is incident at 
6 = 30°? 

(b) Verify the prescribed value for Aw,, recognizing 
that the diameter of the sun is 1.39 < 10° m and 
the distance between the sun and the earth is 
1.496 X 10!! m (1 astronomical unit). 


12.11 On an overcast day the directional distribution of the 
solar radiation incident on the earth’s surface may be 
approximated by an expression of the form J; = [, cos 0, 
where J, = 80 W/m’ sr is the total intensity of radiation 
directed normal to the surface and @ is the zenith angle. 
What is the solar irradiation at the earth’s surface? 


12.12 During radiant heat treatment of a thin-film material, 
its shape, which may be hemispherical (a) or spherical 
(b), is maintained by a relatively low air pressure (as 
in the case of a rubber balloon). Irradiation on the film 
is due to emission from a radiant heater of area 
Aj, = 0.0052 m2, which emits diffusely with an inten- 
sity of Z,,, = 169,000 W/m: sr. 


Radiant heater, 
Any Len 
(a) (b) 


(a) Obtain an expression for the irradiation on the film 
as a function of the zenith angle 6. 


(b) Based on the expressions derived in part (a), 
which shape provides the more uniform irradiation 
G and hence provides better quality control for the 
treatment process? 


12.13 To initiate a process operation, an infrared motion sen- 
sor (radiation detector) is employed to determine the 
approach of a hot part on a conveyor system. To set 
the sensor’s amplifier discriminator, the engineer 
needs a relationship between the sensor output signal, S, 
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and the position of the part on the conveyor. The sen- 
sor output signal is proportional to the rate at which 
radiation is incident on the sensor. 


a Motion sensor, S 


Conveyor 


! >Xx 


(a) For L; = 1m, at what location x, will the sensor 
signal S; be 75% of the signal corresponding to the 
position directly beneath the sensor, S,, (x = 0)? 


(b)|For values of Ly = 0.8, 1.0, and 1.2 m, plot the sig- 
nal ratio, S/S,, versus part position, x, for signal 
ratios in the range from 0.2 to 1.0. Compare the x- 
locations for which S/S, = 0.75. 


12.14 A small radiant heat source of area A, = 2 X 10+ m? 
emits diffusely with an intensity J; = 1000 W/m**sr. 
A second small area, A, = 1 X 10°* m’, is located as 
shown in the sketch. 


Ay 


N\ = L 
~ 
as 
+—— L,=1 m——+|A, 


(a) Determine the irradiation of A, for L; = 0.5m. 


(b) Plot the irradiation of A, over the range 0 = L, = 
10 m. 


12.15 Determine the fraction of the total, hemispherical 
emissive power that leaves a diffuse surface in the 
directions 7/4 =@0=7/2and0=¢<7. 


12.16 The spectral distribution of the radiation emitted by a 
diffuse surface may be approximated as follows. 


0 5 10 15 20 
(um) 


12.17 


a Problems 


(a) What is the total emissive power? 


(b) What is the total intensity of the radiation emitted 
in the normal direction and at an angle of 30° from 
the normal? 


(c) 


Determine the fraction of the emissive power 
leaving the surface in the directions 7/4 =< 
0s w/2. 


Consider a 5-mm-square, diffuse surface AA, having 
a total emissive power of E, = 4000 W/m?. The 
radiation field due to emission into the hemispheri- 
cal space above the surface is diffuse, thereby 
providing a uniform intensity (0, ). Moreover, 
if the space is a nonparticipating medium (nonab- 
sorbing, nonscattering, and nonemitting), the inten- 
sity is independent of radius for any (0, #) direction. 
Hence intensities at any points P,; and P; would 
be equal. 


n 

t coe A 
‘ ' Hemispherical 

| surface, r= R, t AA, =2x 2mm 


(a) What is the rate at which radiant energy is emitted 
by AA,, emit? 

(b) What is the intensity /,,, of the radiation field emit- 
ted from the surface AA,? 


(c) Beginning with Equation 12.13 and presuming 
knowledge of the intensity /,,, obtain an expres- 
sion for Gemit- 

(d) Consider the hemispherical surface located at 

r = R, = 0.5m. Using the conservation of energy 

requirement, determine the rate at which radiant 


energy is incident on this surface due to emission 
from AA,,. 


Using Equation 12.10, determine the rate at which 
radiant energy leaving AA, is intercepted by the 
small area AA, located in the direction (45°, @) on 
the hemispherical surface. What is the irradiation 
on AA,? 


Repeat part (e) for the location (0°, ). Are the 
irradiations at the two locations equal? 


(e) 


(f) 


(g) Using Equation 12.18, determine the irradiation 
G, on the hemispherical surface at r = R,. 
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Blackbody Radiation 


12.18 Assuming blackbody behavior, determine the temper- 


ature of, and the energy emitted by, areas A, in Exam- 
ple 12.1 and Problems 12.8 and 12.14, as well as area 
A,, in Problem 12.12. 


12.19 The dark surface of a ceramic stove top may be 


12.20 


12.21 


approximated as a blackbody. The “burners,” which 
are integral with the stove top, are heated from below 
by electric resistance heaters. 


Quiescent air, 7. 


Burner, 7, 


Stove top 


Heater, P 


elec 


(a) Consider a burner of diameter D = 200mm 
operating at a uniform surface temperature of 
T, = 250°C in ambient air at T,, = 20°C. With- 
out a pot or pan on the burner, what are the rates 
of heat loss by radiation and convection from 
the burner? If the efficiency associated with 
energy transfer from the heaters to the burners is 
90%, what is the electric power requirement? 
At what wavelength is the spectral emission a 
maximum? 


(b) 


Compute and plot the effect of the burner tempera- 
ture on the heat rates for 100 = T, = 350°C. 


The energy flux associated with solar radiation incident 
on the outer surface of the earth’s atmosphere has been 
accurately measured and is known to be 1368 W/m’. 
The diameters of the sun and earth are 1.39 X 10° and 
1.27 X 10’ m, respectively, and the distance between 
the sun and the earth is 1.5 X 10'! m. 


(a) What is the emissive power of the sun? 


(b) Approximating the sun’s surface as black, what is 
its temperature? 


(c) At what wavelength is the spectral emissive power 
of the sun a maximum? 


(d) Assuming the earth’s surface to be black and the 
sun to be the only source of energy for the earth, 
estimate the earth’s surface temperature. 


A small flat plate is positioned just beyond the earth’s 
atmosphere and is oriented such that the normal to the 
plate passes through the center of the sun. Refer to 
Problem 12.20 for pertinent earth-sun dimensions. 
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(a) What is the solid angle subtended by the sun about 
a point on the surface of the plate? 


(b) Determine the incident intensity, J;, on the plate 
using the known value of the solar irradiation 
above the earth’s atmosphere (Gs = 1368 W/m’). 


(c) Sketch the incident intensity /; as a function of the 
zenith angle 6, where 6 is measured from the nor- 
mal to the plate. 


12.22 A spherical aluminum shell of inside diameter D = 2m 


is evacuated and is used as a radiation test chamber. If 
the inner surface is coated with carbon black and main- 
tained at 600 K, what is the irradiation on a small test 
surface placed in the chamber? If the inner surface 
were not coated and maintained at 600 K, what would 
the irradiation be? 


12.23 The extremely high temperatures needed to trigger 


nuclear fusion are proposed to be generated by laser- 
irradiating a spherical pellet of deuterium and tritium 
fuel of diameter D, = 1.8 mm. 


(a) Determine the maximum fuel temperature that can 
be achieved by irradiating the pellet with 200 
lasers, each producing a power of P = 500 W. The 
pellet has an absorptivity a = 0.3 and emissivity 
e= 0.8. 


(b) The pellet is placed inside a cylindrical enclosure. 
Two laser entrance holes are located at either end of 
the enclosure and have a diameter of Dj py = 2 mm. 
Determine the maximum temperature that can be 
generated within the enclosure. 


N= 200 laser beams N= 200 laser beams 


D, = 1.8mm 


Dey = 2mm 


(a) (b) 


12.24 An enclosure has an inside area of 100 m7, and its 


inside surface is black and is maintained at a constant 
temperature. A small opening in the enclosure has an 
area of 0.02 m*. The radiant power emitted from this 
opening is 70 W. What is the temperature of the inte- 
rior enclosure wall? If the interior surface is main- 
tained at this temperature, but is now polished, what 
will be the value of the radiant power emitted from the 
opening? 


12.25 Assuming the earth’s surface is black, estimate its 


temperature if the sun has an equivalent blackbody 


12.26 


Ey = 3.45 MW 


E 


12.27 


‘at = 1000°C 


temperature of 5800 K. The diameters of the sun and 
earth are 1.39 X 10° and 1.27 X 10’ m, respectively, 
and the distance between the sun and earth is 
1.5 X 10'! m. 


A proposed method for generating electricity from 
solar irradiation is to concentrate the irradiation 
into a cavity that is placed within a large container 
of a salt with a high melting temperature. If all heat 
losses are neglected, part of the solar irradiation 
entering the cavity is used to melt the salt while 
the remainder is used to power a Rankine cycle. 
(The salt is melted during the day and is resolidified 
at night in order to generate electricity around 
the clock.) 


Heliostats 


Salt 


Consider conditions for which the solar power enter- 
ing the cavity is q,.) = 7.50 MW and the time rate of 
change of energy stored in the salt is E,, = 3.45 MW. 
For a cavity opening of diameter D, = 1 m, determine 
the heat transfer to the Rankine cycle, gz. The temper- 
ature of the salt is maintained at its melting point, 
Teatt = Tm = 1000°C. Neglect heat loss by convection 
and irradiation from the surroundings. 


Approximations to Planck’s law for the spectral emis- 
sive power are the Wien and Rayleigh-Jeans spectral 
distributions, which are useful for the extreme low 
and high limits of the product AT, respectively. 


(a) Show that the Planck distribution will have the 
form 


of C, 
Ey, T) ~ e exP\ a7 


when C;/AT > 1 and determine the error (compared 
to the exact distribution) for the condition AT = 
2898 um: K. This form is known as Wien’s law. 


a Problems 


(b) Show that the Planck distribution will have 
the form 


Ci T 
E,\ (A, T) ~ Gat 

when C;/AT <1 and determine the error (com- 
pared to the exact distribution) for the condition 
AT = 100,000 xm: K. This form is known as the 
Rayleigh-Jeans law. 


12.28 Estimate the wavelength corresponding to maximum 


emission from each of the following surfaces: the sun, 
a tungsten filament at 2500K, a heated metal at 
1500 K, human skin at 305K, and a cryogenically 
cooled metal surface at 60 K. Estimate the fraction of 
the solar emission that is in the following spectral 
regions: the ultraviolet, the visible, and the infrared. 


12.29 Thermal imagers have radiation detectors that are sen- 


sitive to a spectral region and provide white-black or 
color images with shading to indicate relative tempera- 
ture differences in the scene. The imagers, which have 
appearances similar to a video camcorder, have numer- 
ous applications, such as for equipment maintenance to 
identify overheated motors or electrical transformers 
and for fire-fighting service to determine the direction 
of fire spread and to aid search and rescue for victims. 
The most common operating spectral regions are 3 to 
5 um and 8 to 14m. The selection of a particular 
region typically depends on the temperature of the 
scene, although the atmospheric conditions (water 
vapor, smoke, etc.) may also be important. 


(a) Determine the band emission fractions for each of 
the spectral regions, 3 to 5 wm and 8 to 14 wm, for 
temperatures of 300 and 900 K. 


(b)|Using the Tools/Radiation/Band Emission Factor 


feature within JHT, calculate and plot the band 
emission factors for each of the spectral regions 
for the temperature range 300 to 1000 K. Identify 
the temperatures at which the fractions are a maxi- 
mum. What conclusions can you draw from this 
graph concerning the choice of an imager for an 
application? 
(c) The noise-equivalent temperature (NET) is a 
specification of the imager that indicates the mini- 
mum temperature change that can be resolved 
in the image scene. Consider imagers operating 
at the maximum-fraction temperatures identified in 
part (b). For each of these conditions, determine 
the sensitivity (%) required of the radiation detec- 
tor in order to provide a NET of 5°C. Explain the 
significance of your results. Note: The sensitivity 
(% units) can be defined as the difference in the 


12.30 
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band emission fractions for two temperatures dif- 
fering by the NET, divided by the band emission 
fraction at one of the temperatures. 


A furnace with a long, isothermal, graphite tube of 
diameter D = 12.5 mm is maintained at T, = 2000 K 
and is used as a blackbody source to calibrate heat flux 
gages. Traditional heat flux gages are constructed as 
blackened thin films with thermopiles to indicate the 
temperature change caused by absorption of the inci- 
dent radiant power over the entire spectrum. The tradi- 
tional gage of interest has a sensitive area of 5mm? 
and is mounted coaxial with the furnace centerline, but 
positioned at a distance of L = 60 mm from the begin- 
ning of the heated section. The cool extension tube 
serves to shield the gage from extraneous radiation 
sources and to contain the inert gas required to prevent 
rapid oxidation of the graphite tube. 


a Extension tube 


Heat flux 
gage 
Tube pee 7 eee 
Ty= 2000 K see 


12.31 


(a) Calculate the heat flux (W/m) on the traditional 
gage for this condition, assuming that the exten- 
sion tube is cold relative to the furnace. 


(b 


eS 


The traditional gage is replaced by a solid-state 
(photoconductive) heat flux gage of the same area, 
but sensitive only to the spectral region between 
0.4 and 2.5 wm. Calculate the radiant heat flux 
incident on the solid-state gage within the pre- 
scribed spectral region. 


|(c) |Calculate and plot the total heat flux and the heat 
flux in the prescribed spectral region for the solid- 
state gage as a function of furnace temperature for 
the range 2000 S T, = 3000 K. Which gage will 
have an output signal that is more sensitive to 
changes in the furnace temperature? 


Photovoltaic materials convert sunlight directly to 
electric power. Some of the photons that are incident 
upon the material displace electrons that are in turn 
collected to create an electric current. The overall effi- 
ciency of a photovoltaic panel, 7, is the ratio of elec- 
trical energy produced to the energy content of the 
incident radiation. The efficiency depends primarily 
on two properties of the photovoltaic material, (i) the 
band gap, which identifies the energy states of photons 
having the potential to be converted to electric current, 
and (ii) the interband gap conversion efficiency, 1p., 
which is the fraction of the total energy of photons 
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within the band gap that is converted to electricity. 
Therefore, 7 = 1pefb¢ where F,, is the fraction of the 
photon energy incident on the surface within the band 
gap. Photons that are either outside the material’s 
band gap or within the band gap but not converted to 
electrical energy are either reflected from the panel or 
absorbed and converted to thermal energy. 

Consider a photovoltaic material with a band gap 
of 1.1 = B= 1.8eV, where B is the energy state of a 
photon. The wavelength is related to the energy state 
of a photon by the relationship A = 1240 eV-nm/B. 
The incident solar irradiation approximates that of a 
blackbody at 5800 K and Gs = 1000 W/m’. 


(a) Determine the wavelength range of solar irradia- 
tion corresponding to the band gap. 


(b) Determine the overall efficiency of the photo- 
voltaic material if the interband gap efficiency is 
Nog = 0.50. 


(c) If half of the incident photons that are not con- 
verted to electricity are absorbed and converted to 
thermal energy, determine the heat absorption per 
unit surface area of the panel. 


12.32 An electrically powered, ring-shaped radiant heating 
element is maintained at a temperature of 7, = 3000 K 
and is used in a manufacturing process to heat a small 
part having a surface area of A, = 0.007 m’. The sur- 
face of the heating element may be assumed to be 
black. 


Radiant 
heater, 7), 


For 6, = 30°, 6, = 60°, L=3m, and W= 30mm, 
what is the rate at which radiant energy emitted by the 
heater is incident on the part? 


12.33 Isothermal furnaces with small apertures approximat- 
ing a blackbody are frequently used to calibrate heat 
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flux gages, radiation thermometers, and other radio- 

metric devices. In such applications, it is necessary to 

control power to the furnace such that the variation of 
temperature and the spectral intensity of the aperture 
are within desired limits. 

(a) By considering the Planck spectral distribution, 
Equation 12.30, show that the ratio of the frac- 
tional change in the spectral intensity to the frac- 
tional change in the temperature of the furnace 
has the form 


dhl Cy ik 
aT/T AT 1-—exp(-—C,/AT) 


(b) Using this relation, determine the allowable vari- 
ation in temperature of the furnace operating 
at 2000 K to ensure that the spectral intensity at 
0.65 wm will not vary by more than 0.5%. What 
is the allowable variation at 10 wm? 


Properties: Emissivity 


12.34 For materials A and B, whose spectral hemispherical 
emissivities vary with wavelength as shown below, 
how does the total, hemispherical emissivity vary with 
temperature? Explain briefly. 


& 


12.35 A small metal object, initially at T; = 1000K, is 
cooled by radiation in a low-temperature vacuum 
chamber. One of two thin coatings can be applied to 
the object so that spectral hemispherical emissivities 
vary with wavelength as shown. For which coating 
will the object most rapidly reach a temperature of 
T; = 500 K? 


1.0 


Coating A 


Coating B 


1 10 100 


a Problems 


12.36 The directional total emissivity of nonmetallic materi- 
als may be approximated as €, = e, cos 0, where e, is 
the normal emissivity. Show that the total hemispheri- 
cal emissivity for such materials is 2/3 of the normal 
emissivity. 

12.37 Consider the metallic surface of Example 12.7. Addi- 
tional measurements of the spectral, hemispherical 


emissivity yield a spectral distribution which may be 
approximated as follows: 


0.4 


0 2 4 
A (uum) 


(a) Determine corresponding values of the total, hemi- 
spherical emissivity ¢ and the total emissive power 
E at 2000 K. 


(b)|Plot the emissivity as a function of temperature for 
500 = T = 3000 K. Explain the variation. 


12.38 The spectral emissivity of unoxidized titanium at room 
temperature is well described by the expression 
€ = 0.52A~°° for 0.3 um SA < 30 pm. 


(a)| Determine the emissive power associated with an 
unoxidized titanium surface at T = 300 K. Assume 
the spectral emissivity is €, = 0.1 forA > 30 wm. 


(b) Determine the value of A,,., for the emissive power 
of the surface in part (a). 


12.39 The spectral, directional emissivity of a diffuse mate- 
rial at 2000 K has the following distribution: 


1.0 


1,0 


1.5 
A (yum) 


Determine the total, hemispherical emissivity at 2000 K. 
Determine the emissive power over the spectral range 
0.8 to 2.5 wm and for the directions 0 = 6 = 30°. 


12.40) A diffuse surface is characterized by the spectral 


hemispherical emissivity distribution shown. Consider- 
ing surface temperatures over the range 300=7,= 
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1000 K, at what temperature will the emissive power 
be minimized? 


1.0 


A (um) 


12.41 Consider the directionally selective surface having the 
directional emissivity ¢,, as shown, 


0.8 45° 


oO 


0.3 
€9 


Assuming that the surface is isotropic in the @ direc- 
tion, calculate the ratio of the normal emissivity e,, to 
the hemispherical emissivity ¢,. 


12.42 A sphere is suspended in air in a dark room and main- 
tained at a uniform incandescent temperature. When 
first viewed with the naked eye, the sphere appears to be 
brighter around the rim. After several hours, however, it 
appears to be brighter in the center. Of what type mate- 
rial would you reason the sphere is made? Give plausi- 
ble reasons for the nonuniformity of brightness of the 
sphere and for the changing appearance with time. 


12.43 A proposed proximity meter is based on the physical 
arrangement of Problem 12.14. The sensing area of a 
meter that is installed on a vehicle, A,, is irradiated by 
a stationary warm object, A,. The sensor’s electrical 
output signal is proportional to its irradiation. 


(a) The object temperature and emissivity are 200°C 
and ¢ = 0.85, respectively. Determine the distance, 
Ly crits ASSOciated with the maximum sensor output 
signal. Assume the object is a diffuse emitter. 


(b) If the object emits as a nonmetallic material, the 
total directional emissivity may be approximated as 
&g = €,cOS 0, where e, is the normal emissivity 
(Problem 12.36). Determine the distance Ly .,;, aSso- 
ciated with the maximum sensor output signal. 
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12.44 


12.45 


12.46 
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(c) Calculate and plot the irradiation of A, over the 
range 0 = L, = 10m. 


Estimate the total, hemispherical emissivity ¢ for pol- 
ished stainless steel at 800 K using Equation 12.43 along 
with information provided in Figure 12.17. Assume that 
the hemispherical emissivity is equal to the normal 
emissivity. Perform the integration using a band calcu- 
lation, by splitting the integral into five bands, each of 
which contains 20% of the blackbody emission at 
800 K. For each band, assume the average emissivity is 
that associated with the median wavelength within the 
band A,,, for which half of the blackbody radiation 
within the band is above A,,, (and half is below A,,). For 
example, the first band runs from A = 0 to A,, such that 
Fo—a,) = 9.2, and the median wavelength for the first 
band is chosen such that Fo_,,,) = 0.1. Also determine 
the surface emissive power. 


A radiation thermometer is a device that responds to a 
radiant flux within a prescribed spectral interval and is 
calibrated to indicate the temperature of a blackbody 
that produces the same flux. 


(a) When viewing a surface at an elevated tempera- 
ture T, and emissivity less than unity, the ther- 
mometer will indicate an apparent temperature 
referred to as the brightness or spectral radiance 
temperature 7,. Will T, be greater than, less than, 
or equal to T,? 


(b) Write an expression for the spectral emissive 
power of the surface in terms of Wien’s spectral 
distribution (see Problem 12.27) and the spectral 
emissivity of the surface. Write the equivalent 
expression using the spectral radiance temperature 
of the surface and show that 


where A represents the wavelength at which the 

thermometer operates. 
(c) Consider a radiation thermometer that responds to a 
spectral flux centered about the wavelength 0.65 wm. 
What temperature will the thermometer indicate 
when viewing a surface with €,(0.65 wm) = 0.9 
and T, = 1000 K? Verify that Wien’s spectral dis- 
tribution is a reasonable approximation to Planck’s 
law for this situation. 


For a prescribed wavelength A, measurement of the 
spectral intensity J, (A, 7) = € J), of radiation emitted 
by a diffuse surface may be used to determine the sur- 
face temperature, if the spectral emissivity ¢, is known, 
or the spectral emissivity, if the temperature is known. 


12.47 


12.48 


12.49 


(a) Defining the uncertainty of the temperature 
determination as d7/T, obtain an expression relat- 
ing this uncertainty to that associated with the 
intensity measurement, d/,/J,. For a 10% uncer- 
tainty in the intensity measurement at A = 10 wm, 
what is the uncertainty in the temperature for 
T = 500 K? For T = 1000 K? 


Defining the uncertainty of the emissivity determi- 
nation as de,/e,, obtain an expression relating this 
uncertainty to that associated with the intensity 
measurement, d/,/J,. For a 10% uncertainty in the 
intensity measurement, what is the uncertainty in 
the emissivity? 


(b) 


Sheet steel emerging from the hot roll section of a 
steel mill has a temperature of 1200 K, a thickness of 
6 = 3 mm, and the following distribution for the spec- 
tral, hemispherical emissivity. 


1.0 


X (um) 


The density and specific heat of the steel are 
7900 kg/m? and 640 J/kg-K, respectively. What is the 
total, hemispherical emissivity? Accounting for emis- 
sion from both sides of the sheet and neglecting 
conduction, convection, and radiation from the sur- 
roundings, determine the initial time rate of change of 
the sheet temperature (dT/dt),. As the steel cools, it oxi- 
dizes and its total, hemispherical emissivity increases. 
If this increase may be correlated by an expression of 
the form € = €)299[1200 K/T (K)], how long will it take 
for the steel to cool from 1200 to 600 K? 


A large body of nonluminous gas at a temperature of 
1200 K has emission bands between 2.5 and 3.5 wm 
and between 5 and 8 ym. The effective emissivity in 
the first band is 0.8 and in the second 0.6. Determine the 
emissive power of this gas. 


Absorptivity, Reflectivity, and Transmissivity 


An opaque surface with the prescribed spectral, hemi- 
spherical reflectivity distribution is subjected to the 
spectral irradiation shown. 


a Problems 


1.0 _ 600 
E 
= 
205 "E 300 
Q = 
= 
as 
S 
0 0 
0 5 10 15 0 5 10 15 20 
A (um) A (um) 


(a) Sketch the spectral, hemispherical absorptivity 
distribution. 


(b) Determine the total irradiation on the surface. 


(c) Determine the radiant flux that is absorbed by the 
surface. 


(d) What is the total, hemispherical absorptivity of 
this surface? 


12.50 A small, opaque, diffuse object at T, = 400 K is sus- 
pended in a large furnace whose interior walls are at 
T; = 2000 K. The walls are diffuse and gray and have 
an emissivity of 0.20. The spectral, hemispherical 
emissivity for the surface of the small object is given 
below. 


0 1 3 
d (um) 


(a) Determine the total emissivity and absorptivity of 
the surface. 


(b) Evaluate the reflected radiant flux and the net 
radiative flux to the surface. 


(c) What is the spectral emissive power at A = 2 wm? 


(d) What is the wavelength A ,,. for which one-half of 
the total radiation emitted by the surface is in the 
spectral region A = Aj? 


12.51 The spectral reflectivity distribution for white paint 
(Figure 12.22) can be approximated by the following 
stair-step function: 


d (um) <0.4 
ay 0.75 


0.4-3.0 
0.15 


>3.0 
0.96 


A small flat plate coated with this paint is suspended 
inside a large enclosure, and its temperature is main- 
tained at 400K. The surface of the enclosure is 
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maintained at 3000 K and the spectral distribution of 
its emissivity has the following characteristics: 


d (um) <2.0 >2.0 
Ey 0.2 0.9 


(a) Determine the total emissivity, ¢, of the enclosure 
surface. 


(b) Determine the total emissivity, ¢, and absorptivity, 
a, of the plate. 


12.52 An opaque surface, 2m X 2m, is maintained at 400 K 
and is simultaneously exposed to solar irradiation with 
Gs = 1200 W/m’. The surface is diffuse and its spec- 
tral absorptivity is a, = 0, 0.8, 0, and 0.9 forO =A = 
0.5 wm, 0.5 um <A = 1 pm, 1 wm <A = 2 wm, and 
A > 2 pm, respectively. Determine the absorbed irra- 
diation, emissive power, radiosity, and net radiation 
heat transfer from the surface. 


12.53 Consider Problem 4.51. 


(a) The students are each given a flat, first-surface 
silver mirror with which they collectively irradi- 
ate the wooden ship at location B. The reflection 
from the mirror is specular, and the silver’s reflec- 
tivity is 0.98. The solar irradiation of each mirror, 
perpendicular to the direction of the sun’s rays, is 
Gs = 1000 W/m*. How many students are needed 
to conduct the experiment if the solar absorptivity 
of the wood is a,, = 0.80 and the mirror is ori- 
ented at an angle of 45° from the direction of G;? 


(b 


mS 


If the students are given second-surface mirrors 
that consist of a sheet of plain glass that has pol- 
ished silver on its back side, how many students 
are needed to conduct the experiment? Hint: See 
Problem 12.62. 


Gs = 1000 W/m? 


One of 
N mirrors 


12.54 A diffuse, opaque surface at 700 K has spectral emis- 
sivities of ¢,=0 for OSA =3ym, e, = 0.5 for 
3 ym <A = 10 wm, and e, = 0.9 for 10 um <A < ©, 
A radiant flux of 1000 W/m, which is uniformly dis- 
tributed between | and 6 ym, is incident on the sur- 
face at an angle of 30° relative to the surface normal. 
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q" = 1000 W/m? yy 


200 


ie 
yt 


12.55 


12.56 


12.57 


q'(W/m* um) 


jw L=1m 
(0) 
1 6 
A (yum) 


Calculate the total radiant power from a 10~* m? area 
of the surface that reaches a radiation detector posi- 
tioned along the normal to the area. The aperture of 
the detector is 10~° m’, and its distance from the sur- 
face is | m. 


A small disk 5mm in diameter is positioned at 
the center of an isothermal, hemispherical enclosure. 
The disk is diffuse and gray with an emissivity of 0.7 
and is maintained at 900 K. The hemispherical enclo- 
sure, maintained at 300 K, has a radius of 100 mm and 
an emissivity of 0.85. 


Aperture 


___Hemispherical 
enclosure 


Calculate the radiant power leaving an aperture of 
diameter 2 mm located on the enclosure as shown. 


The spectral, hemispherical absorptivity of an opaque 
surface is as shown. 


1.0 


Oy 


1.5 
A (um) 


0.3 


What is the solar absorptivity, a,? If it is assumed that 
€, =a, and that the surface is at a temperature of 
340 K, what is its total, hemispherical emissivity? 


The spectral, hemispherical absorptivity of an opaque 
surface and the spectral distribution of radiation inci- 
dent on the surface are as shown. 


5000 
0.6 E 
= 
oy g 
= 
< 
o 

6) 6) 

) 2 4 6 6) 2 4 6 
x (um) x (um) 


What is the total, hemispherical absorptivity of the sur- 
face? If it is assumed that e,= a, and that the surface is 
at 1000 K, what is its total, hemispherical emissivity? 
What is the net radiant heat flux to the surface? 


12.58 Consider an opaque, diffuse surface for which the 
spectral absorptivity and irradiation are as follows: 


5000 
0.8 < 
> 
§ = 
0.4 = 
ae 
o 
0) 0) 
O tT 2 3 4 5 0 2 4 6 8 10 
A (um) A (um) 


What is the total absorptivity of the surface for the 
prescribed irradiation? If the surface is at a tempera- 
ture of 1250 K, what is its emissive power? How will 
the surface temperature vary with time, for the pre- 
scribed conditions? 


12.59 The spectral emissivity of an opaque, diffuse surface is 
as shown. 


1.0 


ey 


0 2 4 6 
A (um) 


(a) If the surface is maintained at 1000 K, what is the 
total, hemispherical emissivity? 


(b) What is the total, hemispherical absorptivity of the 
surface when irradiated by large surroundings of 
emissivity 0.8 and temperature 1500 K? 


(c) What is the radiosity of the surface when it is 
maintained at 1000 K and subjected to the irradia- 
tion prescribed in part (b)? 


a Problems 


(d) Determine the net radiation flux into the surface 
for the conditions of part (c). 


(e) | Plot each of the parameters featured in parts (a)—(d) 
as a function of the surface temperature for 750 = 
T = 2000 K. 


12.60 Radiation leaves a furnace of inside surface temperature 


1500 K through an aperture 20 mm in diameter. A por- 
tion of the radiation is intercepted by a detector that is 
1m from the aperture, has a surface area of 10> m’, 
and is oriented as shown. 


Aperture, D= 20 mm 


T,= 1500 K 


If the aperture is open, what is the rate at which radia- 
tion leaving the furnace is intercepted by the detector? 
If the aperture is covered with a diffuse, semitrans- 
parent material of spectral transmissivity 7, = 0.8 for 
A = 2 pm and 7, = 0 for A > 2 wm, what is the rate 
at which radiation leaving the furnace is intercepted 
by the detector? 


12.61 The spectral transmissivity of a 1-mm-thick layer of 


liquid water can be approximated as follows: 


%,=099 O0SAS12 ym 
m2 =054 124m<A=1.8 pm 
T3 = 0 1.8 pm<aA 


(a) Liquid water can exist only below its critical tem- 
perature, 7, = 647.3 K. Determine the maximum 
possible total transmissivity of a 1-mm-thick layer 
of liquid water when the water is housed in an 
opaque container and boiling does not occur. 


Assume the irradiation is that of a blackbody. 


(b) Determine the transmissivity of a 1-mm-thick 
layer of liquid water associated with melting the 
platinum wire used in Nukiyama’s boiling experi- 


ment, as described in Section 10.3.1. 


(c) Determine the total transmissivity of a 1-mm-thick 
layer of liquid water exposed to solar irradiation. 
Assume the sun emits as a blackbody at T, = 


5800 K. 


12.62 The spectral transmissivity of plain and tinted glass 


can be approximated as follows: 


T = 0.9 
TT = 0.9 


Plain glass: 035A 52.5 um 


Tinted glass: 055A 215 yum 


12.63 


12.64 


1.0 


ay 


0 
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807 


Outside the specified wavelength ranges, the spectral 
transmissivity is zero for both glasses. Compare the solar 
energy that could be transmitted through the glasses. 
With solar irradiation on the glasses, compare the visi- 
ble radiant energy that could be transmitted. 


Referring to the distribution of the spectral transmis- 
sivity of low iron glass (Figure 12.23), describe briefly 
what is meant by the “greenhouse effect.” That is, how 
does the glass influence energy transfer to and from 
the contents of a greenhouse? 


The spectral absorptivity a, and spectral reflectivity p, 
for a spectrally selective, diffuse material are as shown. 


1.0 
< 
Q 
pr = 0.1 
0 
1.38 0 1.38 
A (uum) A (uum) 


(a) Sketch the spectral transmissivity 7). 


(b) If solar irradiation with Gs = 750 W/m? and the 
spectral distribution of a blackbody at 5800 K is 
incident on this material, determine the fractions 
of the irradiation that are transmitted, reflected, 
and absorbed by the material. 

(c) If the temperature of this material is 350 K, deter- 

mine the emissivity e. 


(d) Determine the net heat flux by radiation to the 
material. 


Consider a large furnace with opaque, diffuse, gray 
walls at 3000 K having an emissivity of 0.85. A small, 
diffuse, spectrally selective object in the furnace is 
maintained at 300 K. 


Furnace, T; = 3000 K 
& = 0.85 


Point By 0 5 


(um) 


For the specified points on the furnace wall (A) and 
the object (B), indicate values for ¢, a, E, G, and J. 
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12.66 Four diffuse surfaces having the spectral characteristics 
shown are at 300 K and are exposed to solar radiation. 


1 1 
0.8 0.8 
= = Surface B 
0.3 
0 
0 3 6 9 0 3 6 9 
A (um) A (um) 
1 1 
0.7 
=< 
3 3 
0.3 0.3 
0 0 
0 3 6 9 0 3 6 9 
i (um) (um) 


Which of the surfaces may be approximated as being 
gray? 


12.67 Consider a material that is gray, but directionally 
selective with a,(0, 6) = 0.5(1 — cos ¢). Determine 
the hemispherical absorptivity a when collimated solar 
flux irradiates the surface of the material in the direction 
0 = 45° and @ = 0°. Determine the hemispherical emis- 
sivity ¢ of the material. 


12.68 The spectral transmissivity of a 50-ym-thick polymer 
film is measured over the wavelength range 2.5 wm = 
A = 15 pm. The spectral distribution may be approxi- 
mated as 7, = 0.80 for 2.5 um =A =7 pm, 7 = 0.05 
for 7um<A = 13 ym, and 7 = 0.55 for 13 wm < 
A = 15 wm. Transmissivity data outside the range can- 
not be acquired due to limitations associated with the 
instrumentation. An engineer wishes to determine 
the total transmissivity of the film. 


(a) Estimate the maximum possible total transmissiv- 
ity of the film associated with irradiation from a 
blackbody at T = 30°C. 


(b) Estimate the minimum possible total transmissivity 
of the film associated with irradiation from a 
blackbody at T = 30°C. 


(c) Repeat parts (a) and (b) for a blackbody at T = 
600°C. 


Energy Balances and Properties 


12.69 An opaque, horizontal plate has a thickness of 
L = 21mm and thermal conductivity k = 25 W/m:K. 
Water flows adjacent to the bottom of the plate and 
is at a temperature of T.,,, = 25°C. Air flows above 
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the plate at T., = 260°C with h, = 40W/m’:K. 
The top of the plate is diffuse and is irradiated with 
G = 1450 W/m’, of which 435 W/m’ is reflected. 
The steady-state top and bottom plate temperatures 
are T, = 43°C and T, = 35°C, respectively. Determine 
the transmissivity, reflectivity, absorptivity, and emis- 
sivity of the plate. Is the plate gray? What is the 
radiosity associated with the top of the plate? What is 
the convection heat transfer coefficient associated 
with the water flow? 


12.70 Two small surfaces, A and B, are placed inside an 
isothermal enclosure at a uniform temperature. The 
enclosure provides an irradiation of 6300 W/m’ to 
each of the surfaces, and surfaces A and B absorb 
incident radiation at rates of 5600 and 630 W/m’, 
respectively. Consider conditions after a long time 
has elapsed. 


(a) What are the net heat fluxes for each surface? 
What are their temperatures? 


(b) Determine the absorptivity of each surface. 
(c) What are the emissive powers of each surface? 


(d) Determine the emissivity of each surface. 


12.71 A diffuse surface having the following spectral charac- 
teristics is maintained at 500K when situated in a 
large furnace enclosure whose walls are maintained at 
1500 K: 


) 4 
A (um) 


(a) Sketch the spectral distribution of the surface 
emissive power E, and the emissive power E, , 
that the surface would have if it were a blackbody. 


(b) Neglecting convection effects, what is the net 
heat flux to the surface for the prescribed 
conditions? 


(c)|Plot the net heat flux as a function of the surface 
temperature for 500 = T = 1000 K. On the same 
coordinates, plot the heat flux for a diffuse, gray 
surface with total emissivities of 0.4 and 0.8. 


(d)|For the prescribed spectral distribution of ¢,, how 
do the total emissivity and absorptivity of the sur- 
face vary with temperature in the range 500 = 
T = 1000 K? 


a Problems 


12.72 Consider an opaque, diffuse surface whose spectral 
reflectivity varies with wavelength as shown. The sur- 
face is at 750 K, and irradiation on one side varies with 
wavelength as shown. The other side of the surface is 


insulated. 
06 __ 500 
g 
0.4 ; 
é = 
0.2 = 
oS 
0 0 
0 1 2 3 4 0123 45 67 8 
A (um) i (um) 


What are the total absorptivity and emissivity of 
the surface? What is the net radiative heat flux to the 
surface? 


12.73 A special diffuse glass with prescribed spectral radia- 
tive properties is heated in a large oven. The walls of 
the oven are lined with a diffuse, gray refractory brick 
having an emissivity of 0.75 and are maintained at 
T,, = 1800 K. Consider conditions for which the glass 
temperature is T, = 750 K. 


P Oven wall, 7,,, &, 


}— Glass, T,, Ths Pr, 


LE Oven wall, 7,,, &, 


1.0 1.0 
0.9 
Ss & 0.5 
5 0.05 
0 0.2 1.6 0) 1.6 


A (um) A (um) 


(a) What are the total transmissivity 7, the total reflec- 
tivity p, and the total emissivity ¢ of the glass? 

(b) What is the net radiative heat flux, q/otin (W/m’), 
to the glass? 


(c)|For oven wall temperatures of 1500, 1800, and 
2000 K, plot giain aS a function of glass tempera- 
ture for 500 = T, = 800K. 


12.74 The 50-mm peephole of a large furnace operating at 
450°C is covered with a material having 7 = 0.8 and 
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p = 0 for irradiation originating from the furnace. The 
material has an emissivity of 0.8 and is opaque to irradi- 
ation from a source at room temperature. The outer sur- 
face of the cover is exposed to surroundings and ambient 
air at 27°C with a convection heat transfer coefficient of 
50 W/m?:K. Assuming that convection effects on the 
inner surface of the cover are negligible, calculate the 
heat loss by the furnace and the temperature of the cover. 


12.75 The window of a large vacuum chamber is fabricated 
from a material of prescribed spectral characteristics. 
A collimated beam of radiant energy from a solar sim- 
ulator is incident on the window and has a flux of 
3000 W/m*. The inside walls of the chamber, which 
are large compared to the window area, are maintained 
at 77 K. The outer surface of the window is subjected 
to surroundings and room air at 25°C, with a convec- 
tion heat transfer coefficient of 15 W/m?:K. 


0.90 0.15 
0.10 
& € 
0.05 
0 0 
ie} 0.38 1.9 6} 0.38 1.9 
A (um) A (um) 


(a) Determine the transmissivity of the window mate- 
rial to radiation from the solar simulator, which 
approximates the solar spectral distribution. 


(b) Assuming that the window is insulated from its 
chamber mounting arrangement, what steady-state 
temperature does the window reach? 

(c) Calculate the net radiation transfer per unit area of 
the window to the vacuum chamber wall, exclud- 
ing the transmitted simulated solar flux. 


12.76 A thermocouple whose surface is diffuse and gray with 
an emissivity of 0.6 indicates a temperature of 180°C 
when used to measure the temperature of a gas flowing 
through a large duct whose walls have an emissivity of 
0.85 and a uniform temperature of 450°C. 


(a) If the convection heat transfer coefficient between 
the thermocouple and the gas stream is 
h = 125 W/m* K and there are negligible conduc- 
tion losses from the thermocouple, determine the 
temperature of the gas. 


[(b) |Consider a gas temperature of 125°C. Compute 
and plot the thermocouple measurement error as a 
function of the convection coefficient for 10 = 
h = 1000 W/m’: K. What are the implications of 
your results? 
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A thermocouple inserted in a 4-mm-diameter stainless 
steel tube having a diffuse, gray surface with an emis- 
sivity of 0.4 is positioned horizontally in a large air- 
conditioned room whose walls and air temperature are 
30 and 20°C, respectively. 


(a) What temperature will the thermocouple indicate 
if the air is quiescent? 


(b) 


Compute and plot the thermocouple measurement 


error as a function of the surface emissivity for 
0.1 Se= 1.0. 


A temperature sensor embedded in the tip of a small 
tube having a diffuse, gray surface with an emissivity 
of 0.8 is centrally positioned within a large air- 
conditioned room whose walls and air temperature are 
30 and 20°C, respectively. 


(a) What temperature will the sensor indicate if the 
convection coefficient between the sensor tube and 
the air is 5 W/m’: K? 


(b) 


What would be the effect of using a fan to induce 


airflow over the tube? Plot the sensor temperature 
as a function of the convection coefficient for 2 = 
h < 25 W/m’: K and values of ¢ = 0.2, 0.5, and 0.8. 


A sphere (k = 185 W/m:K, a = 7.25 X 10° m’/s) of 
30-mm diameter whose surface is diffuse and gray 
with an emissivity of 0.8 is placed in a large oven 
whose walls are of uniform temperature at 600 K. The 
temperature of the air in the oven is 400 K, and the 
convection heat transfer coefficient between the sphere 
and the oven air is 15 W/m*:K. 


(a) Determine the net heat transfer to the sphere when 
its temperature is 300 K. 

(b) What will be the steady-state temperature of the 
sphere? 

(c) How long will it take for the sphere, initially at 
300K, to come within 20K of the steady-state 
temperature? 


(d)|For emissivities of 0.2, 0.4, and 0.8, plot the 


elapsed time of part (c) as a function of the con- 
vection coefficient for 10 = h = 25 W/m?:K. 


Radiation Detection 


12.80 


A thermograph is a device responding to the radiant 
power from the scene, which reaches its radiation 
detector within the spectral region 9-12 ym. The ther- 
mograph provides an image of the scene, such as the 
side of a furnace, from which the surface temperature 
can be determined. 


Surroundings, T,,,, ak 


Thermograph | 
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Furnace 
interior 


(a) For a black surface at 60°C, determine the emis- 
sive power for the spectral region 9-12 um. 


(b) Calculate the radiant power (W) received by the 
thermograph in the same range (9-12 wm) when 
viewing, in a normal direction, a small black wall 
area, 200 mm’, at 7, = 60°C. The solid angle w 
subtended by the aperture of the thermograph 
when viewed from the target is 0.001 sr. 

(c) Determine the radiant power (W) received by the 

thermograph for the same wall area (200 mm”) and 

solid angle (0.001 sr) when the wall is a gray, 
opaque, diffuse material at 7, = 60°C with emissiv- 
ity 0.7 and the surroundings are black at T,,,. = 23°C. 


A radiation thermometer is a radiometer calibrated to 
indicate the temperature of a blackbody. A steel billet 
having a diffuse, gray surface of emissivity 0.8 is 
heated in a furnace whose walls are at 1500 K. Esti- 
mate the temperature of the billet when the radiation 
thermometer viewing the billet through a small hole in 
the furnace indicates 1160 K. 


A radiation detector has an aperture of area A, = 10° 
m/ and is positioned at a distance of r = 1 m froma sur- 
face of area A, = 10 * m*. The angle formed by the nor- 
mal to the detector and the surface normal is 6 = 30°. 


n 
Ag 
r 


i é 


The surface is at 500K and is opaque, diffuse, and 
gray with an emissivity of 0.7. If the surface irradia- 
tion is 1500 W/m”, what is the rate at which the detec- 
tor intercepts radiation from the surface? 


A small anodized aluminum block at 35°C is heated in 
a large oven whose walls are diffuse and gray with 
eé = 0.85 and maintained at a uniform temperature of 
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a Problems 


175°C. The anodized coating is also diffuse and gray 
with ¢ = 0.92. A radiation detector views the block 
through a small opening in the oven and receives the 
radiant energy from a small area, referred to as the tar- 
get, A, on the block. The target has a diameter of 
3mm, and the detector receives radiation within a 
solid angle 0.001 sr centered about the normal from 
the block. 


(a) If the radiation detector views a small, but deep, 
hole drilled into the block, what is the total power 
(W) received by the detector? 


(b) If the radiation detector now views an area on the 
block surface, what is the total power (W) 
received by the detector? 


Consider the diffuse, gray opaque disk A,, which has 
a diameter of 10 mm, an emissivity of 0.3, and is at a 
temperature of 400 K. Coaxial to the disk Aj, there is 
a black, ring-shaped disk A, at 1000K having the 
dimensions shown in the sketch. The backside of A, is 
insulated and does not directly irradiate the cryogeni- 
cally cooled detector disk A3, which is of diameter 
10 mm and is located 2m from A,. 


Ag 


Ls Ar = 10mm 


r;= 500 mm 


Radiation detector, A3 Li 


s— Insulation 
1m rl< 1m 
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Calculate the rate at which radiation is incident on A; 
due to emission and reflection from Aj. 


An infrared (IR) thermograph is a radiometer that pro- 
vides an image of the target scene, indicating the 
apparent temperature of elements in the scene by a 
black-white brightness or blue-red color scale. Radia- 
tion originating from an element in the target scene is 
incident on the radiation detector, which provides a sig- 
nal proportional to the incident radiant power. The signal 
sets the image brightness or color scale for the image 
pixel associated with that element. A scheme is proposed 
for field calibration of an infrared thermograph having a 
radiation detector with a 3- to 5-jwm spectral bandpass. 
A heated metal plate, which is maintained at 327°C and 
has four diffuse, gray coatings with different emissivi- 
ties, is viewed by the IR thermograph in surroundings 
for which T,,, = 87°C. 


sur 


T, = 327°C 
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IR thermograph, S, or S,. 


| Black coating, €,=1 


(a) Consider the thermograph output when viewing 
the black coating, ¢, = 1. The radiation reaching the 
detector is proportional to the product of the black- 
body emissive power (or emitted intensity) at the 
temperature of the surface and the band emission 
fraction corresponding to the IR thermograph spec- 
tral bandpass. The proportionality constant is 
referred to as the responsivity, R(wV +m?/W). Write 
an expression for the thermograph output signal, S,, 

in terms of R, the coating blackbody emissive 

power, and the appropriate band emission fraction. 

Assuming R = 1 uV-m*/W, evaluate S, (wV). 


(b 


mS 


Consider the thermograph output when viewing one 
of the coatings for which the emissivity ¢. is less 
than unity. Radiation from the coating reaches the 
detector due to emission and the reflection of irradia- 
tion from the surroundings. Write an expression for 
the signal, S., in terms of R, the coating blackbody 
emissive power, the blackbody emissive power of 
the surroundings, the coating emissivity, and the 
appropriate band emission fractions. For the diffuse, 
gray coatings, the reflectivity is p, = 1 — e,. 

(c) Assuming R = 1 wV-m’/W, evaluate the thermo- 
graph signals, S, (wV), when viewing panels with 
emissivities of 0.8, 0.5, and 0.2. 


(d)|The thermograph is calibrated so that the signal 


S, (with the black coating) will give a correct 
scale indication of T, = 327°C. The signals from 
the other three coatings, S., are less than S,. 
Hence the thermograph will indicate an apparent 
(blackbody) temperature less than T,. Estimate the 
temperatures indicated by the thermograph for the 
three panels of part (c). 


12.86 A charge-coupled device (CCD) infrared imaging sys- 


tem (see Problem 12.85) operates in a manner similar 
to a digital video camera. Instead of being sensitive to 
irradiation in the visible part of the spectrum, how- 
ever, each small sensor in the infrared system’s CCD 
array is sensitive in the spectral region 9-12 xm. Note 
that the system is designed to only view radiation 
coming from directly in front of it. An experimenter 
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wishes to use the infrared imaging system to map the 
surface temperature distribution of a heated object in 
a wind tunnel experiment. The air temperature in the 
wind tunnel, as well as the surroundings temperature 
in the laboratory, is 23°C. 


(a) In a preliminary test of the concept, the experi- 
menter views a small aluminum billet located 
in the wind tunnel that is at a billet temperature 
of 50°C. The aluminum is coated with a high- 
emissivity paint, ¢ = 0.96. If the infrared imaging 
system is calibrated to indicate the temperature of 
a blackbody, what temperature will be indicated 
by the infrared imaging system as it is used to 
view the aluminum billet through a 6-mm-thick 
fused quartz window? 


(b) 


In a subsequent experiment, the experimenter 


replaces the quartz window with a thin (130-ym- 
thick) household polyethylene film with 7 ~ 0.78 
within the spectral range of the imaging system. 
What temperature will be indicated by the infrared 
imaging system when it is used to view the alu- 
minum billet through the polyethylene film? 


A diffuse, spherical object of diameter and temperature 
9 mm and 600 K, respectively, has an emissivity of 0.95. 
Two very sensitive radiation detectors, each with an 
aperture area of 300 X 10 ° m’, detect the object as it 
passes over at high velocity from left to right as shown 
in the schematic. The detectors capture hemispherical 
irradiation and are equipped with filters characterized by 
T = 0.9 forA < 2.5 wm and 7, = 0 forA = 2.5 wm. At 
time ft, = 0, detectors A and B indicate irradiations of 
Ga, = 5.060 mW/m? and Gg, = 5.000 mW/m”, respec- 
tively. At time t = 4ms, detectors A and B indicate 
irradiations of G,, = 5.010 mW/m? and Gg» = 5.050 
mW/m’, respectively. The environment is at 300K. 
Determine the velocity components of the particle, v,. 
and v,. Determine when and where the particle will 
strike a horizontal plane located at y = 0. Hint: The 
object is located at an elevation above y = 2m when it 
is detected. Assume the object’s trajectory is a straight 
line in the plane of the page. Recall that the projected 
area of a sphere is a circle. 


| | 


T,,, = 300 K 


ya 
Object, T = 600 K, € = 0.95 


a Detector A 


@—§$£$_ 5 m ———> 


ited Detector B 
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A radiation detector having a sensitive area of Ay = 
4 X 10°° m’ is configured to receive radiation from a tar- 
get area of diameter D, = 40mm when located a dis- 
tance of L, = 1m from the target. For the experimental 
apparatus shown in the sketch, we wish to determine the 
emitted radiation from a hot sample of diameter D, = 
20mm. The temperature of the aluminum sample is 
T, = 700 K and its emissivity is e, = 0.1. A ring-shaped 
cold shield is provided to minimize the effect of radia- 
tion from outside the sample area, but within the target 
area. The sample and the shield are diffuse emitters. 


=lm 


Radiation detector, 
Aqg=4x 10° m? 


f 4 \ 


Sample, 
T, = 700 K, é, 


Cold shield, 
Typ, € = 1 


(a) Assuming the shield is black, at what temperature, 
T,,, should the shield be maintained so that its 
emitted radiation is 1% of the total radiant power 
received by the detector? 


(b) 


Subject to the parametric constraint that radiation 
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emitted from the cold shield is 0.05, 1, or 1.5% of 
the total radiation received by the detector, plot the 
required cold shield temperature, 7,,, as a function 
of the sample emissivity for 0.05 <= e, = 0.35. 


A two-color pyrometer is a device that is used to mea- 
sure the temperature of a diffuse surface, T,. The device 
measures the spectral, directional intensity emitted by 
the surface at two distinct wavelengths separated by AA. 
Calculate and plot the ratio of the intensities 
Tyeaye(A + AA, 0, , T,) and 1, (A, 0, b, T,) as a func- 
tion of the surface temperature over the range 
500 K = T, = 1000 K for A = 5 wm and AA = 0.1, 0.5, 
and 1 wm. Comment on the sensitivity to temperature 
and on whether the ratio depends on the emissivity of 
the surface. Discuss the tradeoffs associated with speci- 
fication of the various values of AA. Hint: The change 
in the emissivity over small wavelength intervals is 
modest for most solids, as evident in Figure 12.17. 
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12.90 Consider a two-color pyrometer such as in Problem 


12.89 that operates at A, = 0.65 um and A, = 0.63 wm. 
Using Wien’s law (see Problem 12.27) determine the 
temperature of a sheet of stainless steel if the ratio of 
radiation detected is J, /,, = 2.15. 


Applications 


12.91 Square plates freshly sprayed with an epoxy paint 


must be cured at 140°C for an extended period of time. 
The plates are located in a large enclosure and heated 
by a bank of infrared lamps. The top surface of each 
plate has an emissivity of ¢ = 0.8 and experiences 
convection with a ventilation airstream that is at 
T.. = 27°C and provides a convection coefficient of 
h = 20 W/m?:K. The irradiation from the enclosure 
walls is estimated to be Gy, = 450 W/m’, for which 
the plate absorptivity is a. = 0.7. 


Ventilation Enclosure 
airstream 
Lamp 
T.., h ———_ Giamp 


Painted plate 


(a) Determine the irradiation that must be provided by 
the lamps, Gj). The absorptivity of the plate sur- 
face for this irradiation is Q}yn,) = 0.6. 


| (b)| For convection coefficients of h = 15, 20, and 
30 W/m? K, plot the lamp irradiation, Giamp» aS a 
function of the plate temperature, 7,, for 100 = 
T, = 300°C. 


(c) 


For convection coefficients in the range from 10 to 


30 W/m*:K and a lamp irradiation of Giamp = 
3000 W/m?, plot the airstream temperature T.,, 
required to maintain the plate at T, = 140°C. 


12.92 An apparatus commonly used for measuring the reflec- 


tivity of materials is shown below. A water-cooled 
sample, of 30-mm diameter and temperature T, = 
300 K, is mounted flush with the inner surface of a 
large enclosure. The walls of the enclosure are gray 
and diffuse with an emissivity of 0.8 and a uniform 
temperature T, = 1000 K. A small aperture is located 
at the bottom of the enclosure to permit sighting of the 
sample or the enclosure wall. The spectral reflectivity 
p, of an opaque, diffuse sample material is as shown. 
The heat transfer coefficient for convection between 
the sample and the air within the cavity, which is also 
at 1000 K, is h = 10 W/m?:K. 
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Water-cooled housing 


Sample 


2 4 6 8 
A (um) 


10 


(a) Calculate the absorptivity of the sample. 
(b) Calculate the emissivity of the sample. 


(c) Determine the heat removal rate (W) by the 
coolant. 


(d) The ratio of the radiation in the A direction to that 
in the B direction will give the reflectivity of the 
sample. Briefly explain why this is so. 


A very small sample of an opaque surface is initially at 
1200 K and has the spectral, hemispherical absorptiv- 
ity shown. 


0.8 


a 


0.1 


jo) 
Nh 


A (um) 


The sample is placed inside a very large enclosure 
whose walls have an emissivity of 0.2 and are main- 
tained at 2400 K. 


(a) What is the total, hemispherical absorptivity of the 
sample surface? 


(b) What is its total, hemispherical emissivity? 


(c) What are the values of the absorptivity and emis- 
sivity after the sample has been in the enclosure a 
long time? 


(d) 


For a 10-mm-diameter spherical sample in an evacu- 


ated enclosure, compute and plot the variation of the 
sample temperature with time, as it is heated from its 
initial temperature of 1200 K. 


A manufacturing process involves heating long copper 
rods, which are coated with a thin film, in a large fur- 
nace whose walls are maintained at an elevated tem- 
perature 7,,. The furnace contains quiescent nitrogen 
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gas at l-atm pressure and a temperature of T., = T,,. 
The film is a diffuse surface with a spectral emissivity 
of ¢, = 0.9 forA = 2 wm and e, = 0.4 forA > 2 wm. 


(a) Consider conditions for which a rod of diameter D 
and initial temperature T; is inserted in the furnace, 
such that its axis is horizontal. Assuming validity 
of the lumped capacitance approximation, derive 
an equation that could be used to determine the 
rate of change of the rod temperature at the time of 
insertion. Express your result in terms of appropri- 
ate variables. 


If 7,, = T.. = 1500 K, T; = 300K, and D = 10mm, 
what is the initial rate of change of the rod temper- 
ature? Confirm the validity of the lumped capaci- 
tance approximation. 


(b) 


(c) 


Compute and plot the variation of the rod tempera- 


ture with time during the heating process. 


A procedure for measuring the thermal conductivity 
of solids at elevated temperatures involves placement of 
a sample at the bottom of a large furnace. The sample 
is of thickness L and is placed in a square container of 
width W on a side. The sides are well insulated. The 
walls of the cavity are maintained at T,,, while the bot- 
tom surface of the sample is maintained at a much 
lower temperature 7. by circulating coolant through 
the sample container. The sample surface is diffuse 
and gray with an emissivity ¢,. Its temperature T, is 
measured optically. 


T,, = 1400 K 


Furnace 


T, = 1000 K, €, = 0.85 


Sample, k 


Coolant, m,. 


(a) Neglecting convection effects, obtain an expres- 
sion from which the sample thermal conductivity 
may be evaluated in terms of measured and 
known quantities (T,,, T,, T., €s, L). The measure- 
ments are made under steady-state conditions. 
If 7, = 1400K, T, = 1000K, ¢, = 0.85, L= 
0.015 m, and T, = 300K, what is the sample 
thermal conductivity? 


(b) If W = 0.10 m and the coolant is water with a flow 
rate of m, = 0.1 kg/s, is it reasonable to assume a 
uniform bottom surface temperature T..? 


12.96 One scheme for extending the operation of gas turbine 


blades to higher temperatures involves applying a 
ceramic coating to the surfaces of blades fabricated 
from a superalloy such as inconel. To assess the relia- 
bility of such coatings, an apparatus has been devel- 
oped for testing samples under laboratory conditions. 
The sample is placed at the bottom of a large vacuum 
chamber whose walls are cryogenically cooled and 
which is equipped with a radiation detector at the 
top surface. The detector has a surface area of 
A, = 10° m’, is located at a distance of L,, = 1m 
from the sample, and views radiation originating from 
a portion of the ceramic surface having an area of 
AA, = 10-4 m’*. An electric heater attached to the bot- 
tom of the sample dissipates a uniform heat flux, gj, 
which is transferred upward through the sample. The 
bottom of the heater and sides of the sample are well 
insulated. 


i Radiation detector, A, 
Vacuum—+—+ 
chamber H 
Ty— 
Sample 
Heater 


Consider conditions for which a ceramic coating of 
thickness L, = 0.5 mm and thermal conductivity k, = 
6 W/m:K has been sprayed on a metal substrate of 
thickness L, = 8mm and thermal conductivity k, = 
25 W/m: K. The opaque surface of the ceramic may be 
approximated as diffuse and gray, with a total, hemi- 
spherical emissivity of ¢, = 0.8. 
(a) Consider steady-state conditions for which the 
bottom surface of the substrate is maintained at 
T, = 1500 K, while the chamber walls (including 
the surface of the radiation detector) are main- 
tained at T,, = 90 K. Assuming negligible thermal 
contact resistance at the ceramic—substrate inter- 
face, determine the ceramic top surface tempera- 
ture T, and the heat flux q7. 
(b) For the prescribed conditions, what is the rate at 
which radiation emitted by the ceramic is inter- 
cepted by the detector? 


12.97 


12.98 


a Problems 


(c) After repeated experiments, numerous cracks 
develop at the ceramic—substrate interface, creat- 
ing an interfacial thermal contact resistance. If 7, 
and qj, are maintained at the conditions associated 
with part (a), will 7, increase, decrease, or remain 
the same? Similarly, will T, increase, decrease, or 
remain the same? In each case, justify your 
answer. 


The equipment for heating a wafer during a semicon- 
ductor manufacturing process is shown schematically. 
The wafer is heated by an ion beam source (not shown) 
to a uniform, steady-state temperature. The large chamber 
contains the process gas, and its walls are at a uniform 
temperature of T,, = 400 K. A 5mm X 5 mm target area 
on the wafer is viewed by a radiometer, whose objec- 
tive lens has a diameter of 25mm and is located 
500mm from the wafer. The line-of-sight of the 
radiometer is 30° off the wafer normal. 


Objective, 25 mm dia. 


Window 
_— . 
yo Radiometer 
on 
Black panel 
or wafer 

Chamber, 
T., = 400 K 


(a) In a preproduction test of the equipment, a black 
panel (¢ ~ 1.0) is mounted in place of the wafer. 
Calculate the radiant power (W) received by the 
radiometer if the temperature of the panel is 800 K. 


(b) The wafer, which is opaque, diffuse-gray with an 
emissivity of 0.7, is now placed in the equipment, 
and the ion beam is adjusted so that the power 
received by the radiometer is the same as that 
found for part (a). Calculate the temperature of the 
wafer for this heating condition. 


The fire brick of Example 12.10 is used to construct 
the walls of a brick oven. The irradiation on the inte- 
rior surface of the wall is G = 50,000 W/m? and has a 
spectral distribution proportional to that of a black- 
body at 2000 K. The temperature of the gases adjacent 
to the inner wall of the oven is 500 K, and the convec- 
tion heat transfer coefficient is 25 W/m’. Find the wall 
surface temperature if the heat loss through the wall is 
negligible. If the brick wall is 0.1 m thick and of ther- 
mal conductivity k, = 1.0 W/m-K, and is insulated 
with a 0.1-m-thick layer of thermal conductivity 
k, = 0.05 W/m-K, what is the steady-state interior 
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wall surface temperature if the temperature of the 
external surface of the insulation is 300 K? 


12.99 A laser-materials-processing apparatus encloses a sam- 
ple in the form of a disk of diameter D = 25 mm and 
thickness w = | mm. The sample has a diffuse surface 
for which the spectral distribution of the emissivity, 
€(A), is prescribed. To reduce oxidation, an inert gas 
stream of temperature 7., = 500K and convection 
coefficient h = 50W/m?:K flows over the sample 
upper and lower surfaces. The apparatus enclosure is 
large, with isothermal walls at T,,,. = 300 K. To main- 
tain the sample at a suitable operating temperature of 
T, = 2000 K, a collimated laser beam with an operating 
wavelength of A = 0.5 yum irradiates its upper surface. 


Laser beam 


; ‘tn for laser beam 


Apparatus 
1 enclosure 
Graser 
wena 853 1 
—- 
—- 
T.,, h Ts, €j,D S 
Tone 
Sample | 
) 
0) 3 


d (um) 


(a) Determine the total emissivity ¢ of the sample. 


(b) Determine the total absorptivity a of the sample 
for irradiation from the enclosure walls. 


(c) Perform an energy balance on the sample and 
determine the laser irradiation, G,,,.,, required to 
maintain the sample at T, = 2000 K. 


(d) Consider a cool-down process, when the laser and 
the inert gas flow are deactivated. Sketch the total 
emissivity as a function of the sample temperature, 
T,(t), during the process. Identify key features, 
including the emissivity for the final condition 
(t > ©), 


(e) | Estimate the time to cool a sample from its operat- 
ing condition at T,(0) = 2000 K to a safe-to-touch 
temperature of 7,(f) = 40°C. Use the lumped 
capacitance method and include the effect of con- 
vection to the inert gas with h = 50 W/m?:K and 
Too = Tene = 300 K. The thermophysical properties 
of the sample material are p = 3900kg/m’, 
c, = 760 J/kg: K, and k = 45 W/m: K. 
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12.100 A cylinder of 30-mm diameter and 150-mm length is 
heated in a large furnace having walls at 1000 K, 
while air at 400 K is circulating at 3 m/s. Estimate the 
steady-state cylinder temperature under the following 
specified conditions. 


(a) The cylinder is in cross flow, and its surface is 
diffuse and gray with an emissivity of 0.5. 


(b) The cylinder is in cross flow, but its surface is 
spectrally selective with a, = 0.1 forA =3 wm 
and a, = 0.5 forA > 3 wm. 


(c) The cylinder surface is positioned such that the 
airflow is longitudinal and its surface is diffuse 
and gray. 


(d)|For the conditions of part (a), compute and plot 
the cylinder temperature as a function of the air 
velocity for 1 = V = 20 m/s. 


12.101 An instrumentation transmitter pod is a box contain- 
ing electronic circuitry and a power supply for send- 
ing sensor signals to a base receiver for recording. 
Such a pod is placed on a conveyor system, which 
passes through a large vacuum brazing furnace as 
shown in the sketch. The exposed surfaces of the pod 
have a special diffuse, opaque coating with spectral 
emissivity as shown. 


Vacuum furnace walls, 
T,, = 1200 K, €, = 0.7 
Interior has a | 


Layer of PCM 


Coating, &€ 
T=e7°c 
| electronic 
Pod 4 circuitry, 50 W 
Ener ee dissipation 
— =a 
‘— Insulation 0.9 
‘— Conveyor system S 
0.05 
0) 5 
A (um) 


To stabilize the temperature of the pod and prevent 
overheating of the electronics, the inner surface of the 
pod is surrounded by a layer of a phase-change mate- 
rial (PCM) having a fusion temperature of 87°C and a 
heat of fusion of 25 kJ/kg. The pod has an exposed 
surface area of 0.040 m* and the mass of the PCM 
is 1.6kg. Furthermore, it is known that the power 
dissipated by the electronics is 50 W. Consider the 
situation when the pod enters the furnace at a uni- 
form temperature of 87°C and all the PCM is in the 
solid state. How long will it take before all the PCM 
changes to the liquid state? 


Chapter 12 = Radiation: Processes and Properties 


12.102 A thin-walled plate separates the interior of a large 
furnace from surroundings at 300K. The plate is 
fabricated from a ceramic material for which diffuse 
surface behavior may be assumed and the exterior 
surface is air cooled. With the furnace operating at 
2400 K, convection at the interior surface may be 
neglected. 


4. _— Ceramic 
* | T, = 1800 K 


. Taur= 300 K| 
ou 


Air 


h,,T..= 300 K 


(a) If the temperature of the ceramic plate is not to 
exceed 1800 K, what is the minimum value of the 
outside convection coefficient, h,, that must be 
maintained by the air-cooling system? 


Compute and plot the plate temperature as a func- 
tion of h, for 50 < h, = 250 W/m?:K. 


12.103 A thin coating, which is applied to long, cylindrical 
copper rods of 10-mm diameter, is cured by placing 
the rods horizontally in a large furnace whose walls 
are maintained at 1300 K. The furnace is filled with 
nitrogen gas, which is also at 1300 K and at a pressure 
of 1 atm. The coating is diffuse, and its spectral emis- 
sivity has the distribution shown. 


1.0 
0.8 


aN 


0.4 


0 2 4 6 8 10 
A (um) 


(a) What are the emissivity and absorptivity of the 
coated rods when their temperature is 300 K? 


(b) What is the initial rate of change of their 
temperature? 


(c) What are the emissivity and absorptivity of the 
coated rods when they reach a steady-state 
temperature? 


(d)|Estimate the time required for the rods to reach 
1000 K. 


a Problems 


12.104 A large combination convection-radiation oven is 
used to heat-treat a small cylindrical product of dia- 
meter 25 mm and length 0.2 m. The oven walls are at 
a uniform temperature of 1000 K, and hot air at 750 K 
is in cross flow over the cylinder with a velocity of 
5 m/s. The cylinder surface is opaque and diffuse with 
the spectral emissivity shown. 


1.0 
0.8 


EQ 


0 2 4 6 8 10 
A (um) 


(a) Determine the rate of heat transfer to the cylinder 
when it is first placed in the oven at 300 K. 


(b) What is the steady-state temperature of the 
cylinder? 


(c)| How long will it take for the cylinder to reach a 
temperature that is within 50°C of its steady-state 
value? 


12.105 A 10-mm-thick workpiece, initially at 25°C, is to be 
annealed at a temperature above 725°C for a period 
of at least 5 minutes and then cooled. The work- 
piece is opaque and diffuse, and the spectral distribu- 
tion of its emissivity is shown schematically. Heating 
is effected in a large furnace with walls and circu- 
lating air at 750°C and a convection coefficient of 
100 W/m*:K. The thermophysical properties of the 
workpiece are p = 2700 kg/m’, c = 885 J/kg-K, and 
k = 165 W/m: K. 


1 


0.8 


< 
w 


0.3 


vas 
X (um) 


(a) Calculate the emissivity and the absorptivity of 
the workpiece when it is placed in the furnace at 
its initial temperature of 25°C. 


(b) Determine the net heat flux into the workpiece 
for this initial condition. What is the correspond- 
ing rate of change in temperature, dT/dt, for the 
workpiece? 
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(c)| Calculate the time for the workpiece to cool from 
750°C to a safe-to-touch temperature of 40°C, if 
the surroundings and cooling air temperature 
are 25°C and the convection coefficient is 
100 W/m?*: K. 


12.106 After being cut from a large single-crystal boule and 
polished, silicon wafers undergo a high-temperature 
annealing process. One technique for heating the 
wafer is to irradiate its top surface using high- 
intensity, tungsten-halogen lamps having a spectral 
distribution approximating that of a blackbody at 
2800 K. To determine the lamp power and the rate at 
which radiation is absorbed by the wafer, the equip- 
ment designer needs to know its absorptivity as a 
function of temperature. Silicon is a semiconductor 
material that exhibits a characteristic band edge, and 
its spectral absorptivity may be idealized as shown 
schematically. At low and moderate temperatures, 
silicon is semitransparent at wavelengths larger than 
that of the band edge, but becomes nearly opaque 
above 600°C. 


0 1 2 3 4 5 6 7 8 9 10 
Wavelength (um) 


(a) What are the 1% limits of the spectral band that 
includes 98% of the blackbody radiation corre- 
sponding to the spectral distribution of the 
lamps? Over what spectral region do you need to 
know the spectral absorptivity? 


(b) How do you expect the total absorptivity of silicon 
to vary as a function of its temperature? Sketch the 
variation and explain its key features. 


(c)|Calculate the total absorptivity of the silicon 
wafer for the lamp irradiation and each of the five 
temperatures shown schematically. From the data, 
calculate the emissivity of the wafer at 600 and 
900°C. Explain your results and why the emissiv- 
ity changes with temperature. Hint: Within JHT, 
create a look-up table to specify values of the 
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spectral properties and the LOOKUPVAL and 
INTEGRAL functions to perform the necessary 
integrations. 


(d) If the wafer is in a vacuum and radiation exchange 
only occurs at one face, what is the irradiation 
needed to maintain a wafer temperature of 600°C? 


Environmental Radiation 


12.107 


12.108 


12.109 


Solar irradiation of 1100 W/m’ is incident on a large, 
flat, horizontal metal roof on a day when the wind 
blowing over the roof causes a convection heat 
transfer coefficient of 25 W/m?:K. The outside air 
temperature is 27°C, the metal surface absorptivity 
for incident solar radiation is 0.60, the metal surface 
emissivity is 0.20, and the roof is well insulated 
from below. 


(a) Estimate the roof temperature under steady-state 
conditions. 


(b)| Explore the effect of changes in the absorptivity, 


emissivity, and convection coefficient on the 
steady-state temperature. 


Neglecting the effects of radiation absorption, emis- 
sion, and scattering within their atmospheres, calcu- 
late the average temperature of Earth, Venus, and 
Mars assuming diffuse, gray behavior. The average 
distance from the sun of each of the three planets, 
L,, along with their measured average tempera- 
tures, T,,, are shown in the table below. Based upon a 
comparison of the calculated and measured average 
temperatures, which planet is most affected by radia- 
tion transfer in its atmosphere? 


Planet L,,(m) T,(K) 
Venus 1.08 x 10!! 735 
Earth 1.50 x 10!! 287 
Mars 2.30 x 10!! 227 


A deep cavity of 50-mm diameter approximates a 
blackbody and is maintained at 250°C while exposed 
to solar irradiation of 800 W/m? and surroundings and 
ambient air at 25°C. A thin window of spectral trans- 
missivity and reflectivity 0.9 and 0, respectively, for 
the spectral range 0.2 to 4 wm is placed over the cavity 
opening. In the spectral range beyond 4 wm, the win- 
dow behaves as an opaque, diffuse, gray body of emis- 
sivity 0.95. Assuming that the convection coefficient 
on the upper surface of the window is 10 W/m?:K, 


determine the temperature of the window and the 
power required to maintain the cavity at 250°C. 


Ty = 25°C A = 800 W/m? 


Window 


D=50 mm 


12.110 Consider the evacuated tube solar collector described 


in part (d) of Problem 1.87 of Chapter 1. In the inter- 
est of maximizing collector efficiency, what spectral 
radiative characteristics are desired for the outer tube 
and for the inner tube? 


12.111 Solar flux of 900 W/m? is incident on the top side 


of a plate whose surface has a solar absorptivity of 
0.9 and an emissivity of 0.1. The air and surround- 
ings are at 17°C and the convection heat transfer 
coefficient between the plate and air is 20 W/m’: K. 
Assuming that the bottom side of the plate is 
insulated, determine the steady-state temperature of 
the plate. 


12.112 Consider an opaque, gray surface whose directional 


absorptivity is 0.8 for 0 = 6 = 60° and 0.1 for 6 > 60°. 
The surface is horizontal and exposed to solar irradia- 
tion comprised of direct and diffuse components. 


(a) What is the surface absorptivity to direct solar 
radiation that is incident at an angle of 45° from 
the normal? What is the absorptivity to diffuse 
irradiation? 

(b) Neglecting convection heat transfer between the 
surface and the surrounding air, what would 
be the equilibrium temperature of the surface if 
the direct and diffuse components of the irradia- 
tion were 600 and 100 W/m’, respectively? The 
back side of the surface is insulated. 


12.113 The absorber plate of a solar collector may be coated 


with an opaque material for which the spectral, 
directional absorptivity is characterized by relations 
of the form 


a) (A, 0) = a, cos 8 


a (A, 0) = ay 


A<A, 
‘eo 


a Problems 


The zenith angle 6 is formed by the sun’s rays and 
the plate normal, and a, and qa, are constants. 


(a) Obtain an expression for the total, hemispherical 
absorptivity, as, of the plate to solar radiation inci- 
dent at 0 = 45°. Evaluate a, for a, = 0.93, a, = 
0.25, and a cut-off wavelength of A, = 2 wm. 


(b) Obtain an expression for the total, hemispherical 
emissivity ¢ of the plate. Evaluate ¢ for a plate 
temperature of 7, = 60°C and the prescribed 
values of a, @>, and X,. 


(c) For a solar flux of g{= 1000 W/m? incident at 
6 = 45° and the prescribed values of a, a, A,, 
and T,,, what is the net radiant heat flux, gj.., to 
the plate? 


Using the prescribed conditions and the Radiation/ 
Band Emission Factor option in the Tools section 
of IHT to evaluate Fio.,), explore the effect of 
A, on as, €, and q\. for the wavelength range 
0.7 =A, =5 pm. 


12.114 A contractor must select a roof covering material 


from the two diffuse, opaque coatings with a,(A) as 
shown. Which of the two coatings would result in a 
lower roof temperature? Which is preferred for sum- 
mer use? For winter use? Sketch the spectral distribu- 
tion of a, that would be ideal for summer use. For 
winter use. 


08 Coating A 


7 0.6 
© 0.4 
02 Coating B 
° 4 8 12 16 


(um) 


12.115 It is not uncommon for the night sky temperature in 


desert regions to drop to —40°C. If the ambient air 
temperature is 20°C and the convection coefficient 
for still air conditions is approximately 5 W/m?:K, 
can a shallow pan of water freeze? 


12.116 Plant leaves possess small channels that connect the 


interior moist region of the leaf to the environment. 
The channels, called stomata, pose the primary resis- 
tance to moisture transport through the entire plant, 
and the diameter of an individual stoma is sensitive 
to the level of CO, in the atmosphere. Consider a leaf 
of corn (maize) whose top surface is exposed to solar 
irradiation of Gs; = 600 W/m? and an effective sky 


12.117 


receiver 


12.118 


819 


temperature of Ty, = 0°C. The bottom side of the 
leaf is irradiated from the ground which is at a 
temperature of T, = 20°C. Both the top and bottom 
of the leaf are subjected to convective conditions 
characterized by h = 35 W/m?:K, T.. = 25°C and 
also experience evaporation through the stomata. 
Assuming the evaporative flux of water vapor is 
50 X 10°°kg/m?+s under rural atmospheric CO, 
concentrations and is reduced to 5 X 10° kg/m*:s 
when ambient CO, concentrations are doubled near 
an urban area, calculate the leaf temperature in the 
rural and urban locations. The heat of vaporization of 
water is h,, = 2400 kJ/kg and assume a = ¢ = 0.97 
for radiation exchange with the sky and the ground, 
and a, = 0.76 for solar irradiation. 


In the central receiver concept of solar energy collec- 
tion, a large number of heliostats (reflectors) provide 
a concentrated solar flux of g{ = 80,000 W/m? to the 
receiver, which is positioned at the top of a tower. 


Receiver 
CO 7, | wall Teo 


Atmospheric 
+— L —>| air 


Heliostats 


The receiver wall is exposed to the solar flux at its 
outer surface and to atmospheric air for which 
Tx = 300K and h, = 25 W/m?-K. The outer sur- 
face is opaque and diffuse, with a spectral absorp- 
tivity of a, = 0.9 for A <3 wm and a, = 0.2 for 
A > 3 pm. The inner surface is exposed to a working 
fluid (a pressurized liquid) for which T,, ; = 700 K and 
h; = 1000 W/m? K. The outer surface is also exposed 
to surroundings for which T,,, = 300 K. If the wall is 
fabricated from a high-temperature material for which 
k = 15 W/m:K, what is the minimum thickness L 
needed to ensure that the outer surface temperature 
does not exceed T,,, = 1000 K? What is the collection 


5,0 


efficiency associated with this thickness? 


Consider the central receiver of Problem 12.117 to be a 
cylindrical shell of outer diameter D = 7 m and length 
L= 12m. The outer surface is opaque and diffuse, 
with a spectral absorptivity of a, = 0.9 for A <3 wm 
and a, = 0.2 for A > 3 yum. The surface is exposed to 
quiescent ambient air for which T,, = 300 K. 
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Heliostats 


(a) Consider representative operating conditions for 
which solar irradiation at Gs = 80,000 W/m* is 
uniformly distributed over the receiver surface 
and the surface temperature is 7, = 800K. 
Determine the rate at which energy is collected 
by the receiver and the corresponding collector 
efficiency. 


(b) 


The surface temperature is affected by conditions 


internal to the receiver. For Gs = 80,000 W/m’, 
compute and plot the rate of energy collection and 
the collector efficiency for 600 = T, = 1000 K. 


12.119 Radiation from the atmosphere or sky can be esti- 


mated as a fraction of the blackbody radiation corre- 
sponding to the air temperature near the ground, 7,;,. 
That is, irradiation from the sky can be expressed as 
Gin = Eek OT sir and for a clear night sky, the emis- 
sivity is correlated by an expression of the form 
Ey = 0.741 + 0.00627,,, where Ty, is the dew point 
temperature (°C). Consider a flat plate exposed to 
the night sky and in ambient air at 15°C with a rela- 
tive humidity of 70%. Assume the back side of the 
plate is insulated, and that the convection coefficient 
on the front side can be estimated by the correlation 
h(Wim? + K) = 1.25AT"?, where AT is the absolute 
value of the plate-to-air temperature difference. Will 
dew form on the plate if the surface is (a) clean and 
metallic with e = 0.23, and (b) painted with e = 0.85? 


12.120 A thin sheet of glass is used on the roof of a green- 


house and is irradiated as shown. 


Outside 
ambient G; 
en? 


29,070 
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The irradiation comprises the total solar flux Gs, the 
flux Gj, due to atmospheric emission (sky radiation), 
and the flux G; due to emission from interior surfaces. 
The fluxes G,, and G; are concentrated in the far IR 
region (A= 8pm). The glass may also exchange 
energy by convection with the outside and inside 
atmospheres. The glass may be assumed to be totally 
transparent for A < 1 wm (7 = 1.0 for A < 1 wm) and 
opaque, with a, = 1.0 forA = 1 wm. 

(a) Assuming steady-state conditions, with all radia- 
tive fluxes uniformly distributed over the sur- 
faces and the glass characterized by a uniform 
temperature T,, write an appropriate energy bal- 
ance for a unit area of the glass. 


(b) For T, = 27°C, h; = 10W/m*:K, Gs = 1100 
Wim’, T.., = 24°C, h, = 55 Wim??K, Gam = 
250 W/m?, and G, = 440 W/m’, calculate the 
temperature of the greenhouse ambient air, T,, ;. 


A solar furnace consists of an evacuated chamber 
with transparent windows, through which concen- 
trated solar radiation is passed. Concentration may be 
achieved by mounting the furnace at the focal point 
of a large curved reflector that tracks radiation inci- 
dent directly from the sun. The furnace may be used 
to evaluate the behavior of materials at elevated tem- 
peratures, and we wish to design an experiment to 
assess the durability of a diffuse, spectrally selective 
coating for which a, = 0.95 in the range A = 4.5 wm 
and a, = 0.03 for A>4.5 wm. The coating is 
applied to a plate that is suspended in the furnace. 


Direct solar 
radiation 


Transparent window 


Plate, 7 


Concentrating 
solar reflector 


(a) If the experiment is to be operated at a steady- 
state plate temperature of T = 2000 K, how much 
solar irradiation G, must be provided? The irradi- 
ation may be assumed to be uniformly distributed 
over the plate surface, and other sources of inci- 
dent radiation may be neglected. 


(b) 


The solar irradiation may be tuned to allow opera- 


tion over a range of plate temperatures. Compute 
and plot G; as a function of temperature for 
500 = T = 3000 K. Plot the corresponding values 


a Problems 


of a and « as a function of T for the designated 
range. 


12.122 The flat roof on the refrigeration compartment of a 


food delivery truck is of length L = 5m and width 
W = 2m. It is fabricated from thin sheet metal to 
which a fiberboard insulating material of thickness 
t = 25 mm and thermal conductivity k = 0.05 W/m-K 
is bonded. During normal operation, the truck moves 
at a velocity of V = 30 m/s in air at T,, = 27°C, with 
a rooftop solar irradiation of Gs = 900 W/m? and 
with the interior surface temperature maintained at 
T,; = —13°C. 


Gs Sheet metal, 
[ Os, E 


+ Insulation, k 


>| 
Ny 


(a) The owner has the option of selecting a roof 
coating from one of the three paints listed in 
Table A.12 (Parsons Black, Acrylic White, or 
Zinc Oxide White). Which should be chosen 
and why? 


(b) For the preferred paint of part (a), determine 

the steady-state value of the outer surface tem- 
perature T,,. The boundary layer is tripped 
at the leading edge of the roof, and turbulent 
flow may be assumed to exist over the entire 
roof. Properties of the air may be taken to 
be v = 15 X 10°° m/s, k = 0.026 W/m-K, and 
Pr=0.71. 


(c) What is the load (W) imposed on the refrigera- 
tion system by heat transfer through the roof? 


(d)|Explore the effect of the truck velocity on the 


outer surface temperature and the heat load. 


12.123 Growers use giant fans to prevent grapes from freez- 


ing when the effective sky temperature is low. The 
grape, which may be viewed as a thin skin of negligi- 
ble thermal resistance enclosing a volume of sugar 
water, is exposed to ambient air and is irradiated 
from the sky above and ground below. Assume the 
grape to be an isothermal sphere of 15-mm diameter, 
and assume uniform blackbody irradiation over its 
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top and bottom hemispheres due to emission from the 
sky and the earth, respectively. 


(a) Derive an expression for the rate of change of the 
grape temperature. Express your result in terms 
of a convection coefficient and appropriate tem- 
peratures and radiative quantities. 


(b) Under conditions for which Ty, = 235 K, T.. = 
273 K, and the fan is off (V=0), determine 
whether the grapes will freeze. To a good 
approximation, the skin emissivity is 1 and the 
grape thermophysical properties are those of sug- 
arless water. However, because of the sugar con- 
tent, the grape freezes at —5°C. 


(c) With all conditions remaining the same, except 
that the fans are now operating with V = 1 m/s, 
will the grapes freeze? 


A circular metal disk having a diameter of 0.4 m is 
placed firmly against the ground in a barren horizon- 
tal region where the earth is at a temperature of 
280 K. The effective sky temperature is also 280 K. 
The disk is exposed to quiescent ambient air at 300 K 
and direct solar irradiation of 745 W/m’. The surface 
of the disk is diffuse with ¢, = 0.9 forO <A < 1 wm 
and ¢, = 0.2 for A > 1mm. After some time has 
elapsed, the disk achieves a uniform, steady-state 
temperature. The thermal conductivity of the soil is 
0.52 W/m: K. 


(a) Determine the fraction of the incident solar irra- 
diation that is absorbed. 


(b) What is the emissivity of the disk surface? 


(c) For a steady-state disk temperature of 340K, 
employ a suitable correlation to determine the 
average free convection heat transfer coefficient 
at the upper surface of the disk. 


(d) Show that a disk temperature of 340K does 
indeed yield a steady-state condition for the disk. 
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The neighborhood cat likes to sleep on the roof of our 
shed in the backyard. The roofing surface is weath- 
ered galvanized sheet metal (¢ = 0.65, as = 0.8). 
Consider a cool spring day when the ambient air tem- 
perature is 10°C and the convection coefficient can 
be estimated from an empirical correlation of the 
form h=1.0AT'?, where AT is the difference 
between the surface and ambient temperatures. 
Assume the sky temperature is —40°C. 


(a) Assuming the backside of the roof is well insu- 
lated, calculate the roof temperature when the 
solar irradiation is 600 W/m. Will the cat enjoy 
sleeping under these conditions? 


(b) Consider the case when the backside of the roof 
is not insulated, but is exposed to ambient air 
with the same convection coefficient relation 
and experiences radiation exchange with the 
ground, also at the ambient air temperature. Cal- 
culate the roof temperature and comment on 
whether the roof will be a comfortable place for 
the cat to snooze. 


The exposed surface of a power amplifier for an earth 
satellite receiver of area 130 mm X 130 mm has a dif- 
fuse, gray, opaque coating with an emissivity of 0.5. 
For typical amplifier operating conditions, the surface 
temperature is 58°C under the following environmen- 
tal conditions: air temperature, T,, = 27°C; sky tem- 
perature, Ty = —20°C; convection coefficient, h = 
15 W/m’: K; and solar irradiation, G; = 800 W/m’. 


(a) For the above conditions, determine the electrical 
power being generated within the amplifier. 


(b) It is desired to reduce the surface temperature by 
applying one of the diffuse coatings (A, B, C) 
shown as follows. 


— EI 


2 (um) 3.0 
A (um) 


3.0 
A (um) 


Which coating will result in the coolest surface tem- 
perature for the same amplifier operating and envi- 
ronmental conditions? 


Consider a thin opaque, horizontal plate with an 
electrical heater on its backside. The front side is 
exposed to ambient air that is at 20°C and provides a 
convection heat transfer coefficient of 10 W/m?-K, 
solar irradiation of 600 W/m’, and an effective sky 
temperature of —40°C. 
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What is the electrical power (W/m?) required to 
maintain the plate surface temperature at T, = 60°C 
if the plate is diffuse and has the designated spectral, 
hemispherical reflectivity? 


The oxidized-aluminum wing of an aircraft has a 
chord length of L. = 4m and a spectral, hemispher- 
ical emissivity characterized by the following 
distribution. 


=Sn== 


0 1 2 3 4 5 
A(um) 
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(a) Consider conditions for which the plane is on 
the ground where the air temperature is 27°C, the 
solar irradiation is 800 W/m”, and the effective 
sky temperature is 270 K. If the air is quiescent, 
what is the temperature of the top surface of the 
wing? The wing may be approximated as a hori- 
zontal, flat plate. 


(b) When the aircraft is flying at an elevation of 
approximately 9000 m and a speed of 200 m/s, the 
air temperature, solar irradiation, and effective sky 
temperature are —40°C, 1100 W/m’, and 235K, 
respectively. What is the temperature of the 
wing’s top surface? The properties of the air may 
be approximated as p = 0.470 kg/m’, ww = 1.50 X 
10°-° N:s/m?, k = 0.021 W/m: K, and Pr = 0.72. 


Space Radiation 
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Two plates, one with a black painted surface and the 
other with a special coating (chemically oxidized 
copper) are in earth orbit and are exposed to solar 
radiation. The solar rays make an angle of 30° with 
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the normal to the plate. Estimate the equilibrium tem- 
perature of each plate assuming they are diffuse and 
that the solar flux is 1368 W/m’. The spectral absorp- 
tivity of the black painted surface can be approxi- 
mated by a, = 0.95 for 0 =A = © and that of the 
special coating by a, = 0.95 for 0 =A <3 wm and 
a, = 0.05 forA = 3 wm. 


A spherical satellite of diameter D is in orbit about 
the earth and is coated with a diffuse material for 
which the spectral absorptivity is a, = 0.6 for A = 
3 pm and a, = 0.3 for A > 3 wm. When it is on the 
“dark” side of the earth, the satellite sees irradiation 
from the earth’s surface only. The irradiation may be 
assumed to be incident as parallel rays, and its mag- 
nitude is Gg = 340 W/m’. On the “bright” side of the 
earth the satellite sees the earth irradiation G, plus 
the solar irradiation G; = 1368 W/m’. The spectral 
distribution of radiation from the earth may be 
approximated as that of a blackbody at 280K, and 
the temperature of the satellite may be assumed to 
remain below 500 K. 


Pad 
_-- Satellite 


What is the steady-state temperature of the satellite 
when it is on the dark side of the earth and when it is 
on the bright side? 


A radiator on a proposed satellite solar power station 
must dissipate heat being generated within the satel- 
lite by radiating it into space. The radiator surface has 
a solar absorptivity of 0.5 and an emissivity of 0.95. 
What is the equilibrium surface temperature when the 
solar irradiation is 1000 W/m? and the required heat 
dissipation is 1500 W/m?? 


A spherical satellite in near-earth orbit is exposed to 
solar irradiation of 1368 W/m?. To maintain a desired 
operating temperature, the thermal control engineer 
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intends to use a checker pattern for which a fraction 
F of the satellite surface is coated with an evaporated 
aluminum film (¢ = 0.03, as = 0.09), and the frac- 
tion (1—F) is coated with a white, zinc-oxide paint 
(e = 0.85, as = 0.22). Assume the satellite is 
isothermal and has no internal power dissipation. 
Determine the fraction F of the checker pattern 
required to maintain the satellite at 300 K. 


An annular fin of thickness f is used as a radiator to 
dissipate heat for a space power system. The fin is 
insulated on the bottom and may be exposed to solar 
irradiation G,. The fin is coated with a diffuse, spec- 
trally selective material whose spectral reflectivity is 


specified. 
Ty 
Qt il 
10) 2 4 6 8 


BE ie 


Fin. 
: oe 
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Heat is conducted to the fin through a solid rod of 
radius r;, and the exposed upper surface of the fin 
radiates to free space, which is essentially at absolute 
zero temperature. 


(a) If conduction through the rod maintains a fin 
base temperature of 7(r;) = T, = 400 K and the 
fin efficiency is 100%, what is the rate of heat 
dissipation for a fin of radius r, = 0.5 m? Consider 
two cases, one for which the radiator is exposed to 
the sun with Gs = 1000 W/m” and the other with 
no exposure (Gs; = 0). 


(b) In practice, the fin efficiency will be less than 
100% and its temperature will decrease with 
increasing radius. Beginning with an appropriate 
control volume, derive the differential equation 
that determines the steady-state, radial tempera- 
ture distribution in the fin. Specify appropriate 


boundary conditions. 


12.134] A rectangular plate of thickness ft, length L, and 


width W is proposed for use as a radiator in a space- 
craft application. The plate material has a thermal 
conductivity of 300 W/m: K, a solar absorptivity of 
0.45, and an emissivity of 0.9. The radiator is 
exposed to solar radiation only on its top surface, 
while both surfaces are exposed to deep space at a 
temperature of 4 K. 
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(a) If the base of the radiator is maintained at 
T, = 80°C, what is its tip temperature and the 
rate of heat rejection? Use a computer-based, 
finite-difference method with a space increment 
of 0.1 m to obtain your solution. 

(b) Repeat the calculation of part (a) for the case 
when the space ship is on the dark side of the 
earth and is not exposed to the sun. 
(c) Use your computer code to calculate the heat rate 
and tip temperature for G; = 0 and an extremely 
large value of the thermal conductivity. Compare 
your results to those obtained from a hand calcu- 
lation that assumes the radiator to be at a uniform 
temperature 7. What other approach might you 
use to validate your code? 


12.135 The directional absorptivity of a gray surface varies 
with 6 as follows. 


0.9 9=60° 


0 0.1 Op 


(a) What is the ratio of the normal absorptivity a, to 
the hemispherical emissivity of the surface? 


(b) Consider a plate with these surface characteris- 
tics on both sides in earth orbit. If the solar 
flux incident on one side of the plate is 
qs = 1368 W/m?, what equilibrium temperature 
will the plate assume if it is oriented normal to 
the sun’s rays? What temperature will it assume 
if it is oriented at 75° to the sun’s rays? 


12.136 Two special coatings are available for application to 
an absorber plate installed below the cover glass 
described in Example 12.9. Each coating is diffuse 
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woe EEG 


and is characterized by the spectral distributions 
shown. 


Coating A 


0.85 


A (um) 


Which coating would you select for the absorber 
plate? Explain briefly. For the selected coating, what 
is the rate at which radiation is absorbed per unit area 
of the absorber plate if the total solar irradiation at 
the cover glass is G; = 1000 W/m?? 


Consider the spherical satellite of Problem 12.130. 
Instead of the entire satellite being coated with a 
material that is spectrally selective, half of the satel- 
lite is covered with a diffuse gray coating character- 
ized by a, = 0.6. The other half of the satellite is 
coated with a diffuse gray material with a, = 0.3. 


(a) Determine the steady-state satellite temperature 
when the satellite is on the bright side of the earth 
with the high-absorptivity coating facing the sun. 
Determine the steady-state satellite temperature 
when the low-absorptivity coating faces the sun. 
Hint: Assume one hemisphere of the satellite is 
irradiated by the sun and the opposite hemisphere 
is irradiated by the earth. 


(b) Determine the steady-state satellite temperature 
when the satellite is on the dark side of the earth 
with the high-absorptivity coating facing the 
earth. Determine the steady-state satellite tem- 
perature when the low-absorptivity coating faces 


the earth. 
(c) 


Identify a scheme to minimize the temperature 
variations of the satellite as it travels between the 


bright and dark sides of the earth. 


A spherical capsule of 3-m radius is fired from a 
space platform in earth orbit, such that it travels 
toward the center of the sun at 16,000 km/s. Assume 
that the capsule is a lumped capacitance body with a 
density—specific heat product of 4 X 10° J/m*:K and 
that its surface is black. 


(a) Derive a differential equation for predicting the 
capsule temperature as a function of time. Solve 
this equation to obtain the temperature as a func- 
tion of time in terms of capsule parameters and 
its initial temperature T;. 
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(b) If the capsule begins its journey at 20°C, predict 
the position of the capsule relative to the sun 
at which its destruction temperature, 150°C, is 
reached. 


The spectral absorptivity of aluminum coated with a 
thin layer of silicon dioxide may be approximated as 
a, = 0.98 for A <A, and a, = 0.05 for A =A, 
where the cutoff wavelength is A, = 0.15 wm under 
normal circumstances. 


(a) Determine the equilibrium temperature of a flat 
piece of the coated aluminum that is exposed to 
solar irradiation, G; = 1368 W/m? on its upper 
surface. The opposite surface is insulated. 


(b) The cutoff wavelength can be modified by vary- 
ing the coating thickness. Determine the value of 
A, that will maximize the equilibrium tempera- 
ture of the surface. 


12.140] Consider the spherical satellite of Problem 12.130. 


By changing the thickness of the diffuse material 
used for the coating, engineers can control the cut- 
off wavelength that marks the boundary between 
a, = 0.6 and a, = 0.3. 


(a) What cutoff wavelength will minimize the steady- 
state temperature of the satellite when it is on the 
bright side of the earth? Using this coating, what 
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will the steady-state temperature on the dark side 
of the earth be? 


(b) What cutoff wavelength will maximize the steady- 
state temperature of the satellite when it is on the 
dark side of the earth? What will the corresponding 
steady-state temperature be on the bright side? 


A solar panel mounted on a spacecraft has an area of 
1m’ and a solar-to-electrical power conversion effi- 
ciency of 12%. The side of the panel with the photo- 
voltaic array has an emissivity of 0.8 and a solar 
absorptivity of 0.8. The back side of the panel has an 
emissivity of 0.7. The array is oriented normal to 
solar irradiation of 1500 W/m?. 


(a) Determine the steady-state temperature of the 
panel and the electrical power (W) produced for 
the prescribed conditions. 


(b) If the panel were a thin plate without the solar cells, 
but with the same radiative properties, determine 
the temperature of the plate for the prescribed con- 
ditions. Compare this result with that from part (a). 


Are they the same or different? Explain why. 
(c) 


Determine the temperature of the solar panel 
1500 s after the spacecraft is eclipsed by a planet. 
The thermal capacity of the panel per unit area is 


9000 J/m*- K. 
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H aving thus far restricted our attention to radiative processes that occur at a single 
surface, we now consider the problem of radiative exchange between two or more surfaces. 
This exchange depends strongly on the surface geometries and orientations, as well as on 
their radiative properties and temperatures. Initially, we assume that the surfaces are sepa- 
rated by a nonparticipating medium. Since such a medium neither emits, absorbs, nor scat- 
ters, it has no effect on the transfer of radiation between surfaces. A vacuum meets these 
requirements exactly, and most gases meet them to an excellent approximation. 

Our first objective is to establish geometrical features of the radiation exchange prob- 
lem by developing the notion of a view factor. Our second objective is to develop proce- 
dures for predicting radiative exchange between surfaces that form an enclosure. We will 
limit our attention to surfaces that are assumed to be opaque, diffuse, and gray. We con- 
clude our consideration of radiation exchange between surfaces by considering the effects 
of a participating medium, namely, an intervening gas that emits and absorbs radiation. 


13.1 The View Factor 


To compute radiation exchange between any two surfaces, we must first introduce the con- 
cept of a view factor (also called a configuration or shape factor). 


13.1.1 The View Factor Integral 


The view factor F;; is defined as the fraction of the radiation leaving surface i that is inter- 
cepted by surface j. To develop a general expression for F;;, we consider the arbitrarily ori- 
ented surfaces A; and A; of Figure 13.1. Elemental areas on each surface, dA; and dA,, are 
connected by a line of length R, which forms the polar angles 6; and 6;, respectively, with 
the surface normals n; and n,. The values of R, 6;, and 6; vary with the position of the ele- 


mental areas on A; and A,. 


n~—;—_¥ 
0 
Z 4 dA, cos 6; 
Pi a 
a 
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Ficure 13.1 View factor associated with radiation exchange between elemental surfaces 


of area dA; and dA,. 


13.1 = The View Factor 829 


From the definition of the radiation intensity, Section 12.3.2, and Equation 12.11, the 
rate at which radiation leaves dA; and is intercepted by dA; may be expressed as 


dqj+j = 14,,; COS 0; dA; dw,_; 


where /,,,.; is the intensity of radiation leaving surface i by emission and reflection and 
dw,_; is the solid angle subtended by dA; when viewed from dA;. With dw,_; = (cos 0; dA))/R° 


from Equation 12.7, it follows that 
cos 6; cos 6; 


Bf Teng R dA; dA; 


Assuming that surface i emits and reflects diffusely and substituting from Equation 12.27, 
we then obtain 


cos 6; cos 6; 
dq;.-.; =i aR jdA; 
The total rate at which radiation leaves surface i and is intercepted by j may then be 


obtained by integrating over the two surfaces. That is, 


cos 6; cos 6; 
Ai A; aR 


where it is assumed that the radiosity J; is uniform over the surface A;. From the definition 
of the view factor as the fraction of the radiation that leaves A; and is intercepted by Aj, 


— Wj 


TAS, 


ent 


it follows that 


z Dall ee a 
US AJ,  7R? we ce 


Similarly, the view factor F;; is defined as the fraction of the radiation that leaves A; and is 
intercepted by A;. The same development then yields 


Lf | sao asa 7 5 
F,= [A,; dA, 13. 
j Aj AA, aR? v] ( ) 


Either Equation 13.1 or 13.2 may be used to determine the view factor associated with any 
two surfaces that are diffuse emitters and reflectors and have uniform radiosity. 


13.1.2 View Factor Relations 


An important view factor relation is suggested by Equations 13.1 and 13.2. In particular, 
equating the integrals appearing in these equations, it follows that 


AF, = AF; (13.3) 


dy det 


This expression, termed the reciprocity relation, is useful in determining one view factor 
from knowledge of the other. 
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Ficure 13.2 Radiation exchange in an enclosure. 


Another important view factor relation pertains to the surfaces of an enclosure 
(Figure 13.2). From the definition of the view factor, the summation rule 


N 
Sia (13.4) 


may be applied to each of the N surfaces in the enclosure. This rule follows from the conser- 
vation requirement that all radiation leaving surface i must be intercepted by the enclosure 
surfaces. The term F;; appearing in this summation represents the fraction of the radiation 
that leaves surface i and is directly intercepted by i. If the surface is concave, it sees itself 
and F;,, is nonzero. However, for a plane or convex surface, F;; = 0. 

To calculate radiation exchange in an enclosure of N surfaces, a total of N* view fac- 
tors is needed. This requirement becomes evident when the view factors are arranged in the 
matrix form: 


Fy Fi Fiy 
Fy, Fy Foy 
Fy Fy» Fry 


However, all the view factors need not be calculated directly. A total of N view factors may 
be obtained from the NV equations associated with application of the summation rule, Equation 
13.4, to each of the surfaces in the enclosure. In addition, N(V—1)/2 view factors may be 
obtained from the N(N — 1)/2 applications of the reciprocity relation, Equation 13.3, which 
are possible for the enclosure. Accordingly, only [V7 — N — MN — 1)/2] = NW — 1)/2 
view factors need be determined directly. For example, in a three-surface enclosure this 
requirement corresponds to only 3(3 — 1)/2 = 3 view factors. The remaining six view factors 
may be obtained by solving the six equations that result from use of Equations 13.3 and 13.4. 

To illustrate the foregoing procedure, consider a simple, two-surface enclosure involv- 
ing the spherical surfaces of Figure 13.3. Although the enclosure is characterized by N? = 4 
view factors (F\), Fy, Fo, Fo), only NWN — 1)/2 = 1 view factor need be determined 
directly. In this case such a determination may be made by inspection. In particular, since 
all radiation leaving the inner surface must reach the outer surface, it follows that F,, = 1. 
The same may not be said of radiation leaving the outer surface, since this surface sees 
itself. However, from the reciprocity relation, Equation 13.3, we obtain 


A, A, 
Fy, = Fy= 
A; A; 
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FIGURE 13.3 View factors for the enclosure 
formed by two spheres. 


From the summation rule, we also obtain 
Fy t+ Fy=1 


in which case F,, = 0, and 


in which case 


For more complicated geometries, the view factor may be determined by solving the 
double integral of Equation 13.1. Such solutions have been obtained for many different sur- 
face arrangements and are available in equation, graphical, and tabular form [1—4]. Results 
for several common geometries are presented in Tables 13.1 and 13.2 and Figures 13.4 
through 13.6. The configurations of Table 13.1 are assumed to be infinitely long (in a 


TABLE 13.1 View Factors for Two-Dimensional Geometries [4] 


Geometry Relation 


Parallel Plates with Midlines 
Connected by Perpendicular 


}<—— Ww; ——>| 9: 1/2 2 1/2 
' [(W, + W)? + 4]'? — [(W, — Wy? +. 4] 
ee | a —— 
t y 2W; 
W, = w/L, W; = w/L 
di 
IK Wj + 


Inclined Parallel Plates of Equal 
Width and a Common Edge 


Ww 


(continues) 
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TABLE 13.1 Continued 


Geometry 


Perpendicular Plates with a Common Edge 
| 


i Wi >| 


Three-Sided Enclosure 


<< », ——+| 


Parallel Cylinders of Different Radii 


ad 


Cylinder and Parallel Rectangle 


Infinite Plane and Row of Cylinders 
es > 


OOOOOE 


Relation 


1 + (w/w) — [1 + (wj/w)?]!? 
i ~ 2 


I 2 
F; i> a aa ae 


= [2 —(R _ 1747 


+ (R= 1) cos"! (8 
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TABLE 13.2 View Factors for Three-Dimensional Geometries [4 


Geometry Relation 

Aligned Parallel X = X/L, Y = Y/L 

Rectangles 

(Figure 13.4) F.= 2 {in E +X +¥ Jie 
= " aXY 1+X?+Y? 

L\ e X 


X11 +Y7)!? tan™ 


| ad +¥2y!? 

Y aN = 
x YC Han! Kan — Fan F} 
Coaxial Parallel Disks R= r/L, Rj = fb 
(Figure 13.5) 14+R 
S=1+ 
( al Ri 
1 
| Fy = 5 {9 — [8? — 4Gy/rP1} 

Perpendicular Rectangles H = Z/X, W = Y/X 
with a Common Edge 1 1 

Fi 13.6 = lee =i: 
(Figure ) F. (svn 7 + Htan H 

1 
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1 
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direction perpendicular to the page) and are hence two-dimensional. The configurations of 
Table 13.2 and Figures 13.4 through 13.6 are three-dimensional. 

It is useful to note that the results of Figures 13.4 through 13.6 may be used to deter- 
mine other view factors. For example, the view factor for an end surface of a cylinder (or 
a truncated cone) relative to the lateral surface may be obtained by using the results of 
Figure 13.5 with the summation rule, Equation 13.4. Moreover, Figures 13.4 and 13.6 
may be used to obtain other useful results if two additional view factor relations are 
developed. 

The first relation concerns the additive nature of the view factor for a subdivided sur- 
face and may be inferred from Figure 13.7. Considering radiation from surface i to surface j, 
which is divided into n components, it is evident that 


Fy = =F (13.5) 
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Ficure 13.4 View factor for aligned parallel rectangles. 


where the parentheses around a subscript indicate that it is a composite surface, in which 
case (j) is equivalent to (1, 2,...,k,..., ). This expression simply states that radiation 
reaching a composite surface is the sum of the radiation reaching its parts. Although it per- 
tains to subdivision of the receiving surface, it may also be used to obtain the second view 
factor relation, which pertains to subdivision of the originating surface. Multiplying 


0.1 0.2 0.4 060.8 1 2 4 6 8 10 


FicurE 13.5 View factor for coaxial parallel disks. 
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FicurE 13.6 View factor for perpendicular rectangles with a common edge. 


Equation 13.5 by A, and applying the reciprocity relation, Equation 13.3, to each of the 
resulting terms, it follows that 


AjFyi = 2AFu (13.6) 
or 
DAF y 
Fy = (13.7) 
Ay 
k=1 


Equations 13.6 and 13.7 may be applied when the originating surface is composed of 
several parts. 


k=l Ficure 13.7 Areas used to illustrate view factor relations. 
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For problems involving complicated geometries, analytical solutions to Equation 13.1 
may not be obtainable, in which case values of the view factors must be estimated using 
numerical methods. In situations involving extremely complex structures that may have 
hundreds or thousands of radiative surfaces, considerable error may be associated with the 
numerically calculated view factors. In such situations, Equation 13.3 should be used to 
check the accuracy of individual view factors, and Equation 13.4 should be used to deter- 
mine whether the conservation of energy principle is satisfied [5]. 


EXAMPLE 13.1 


Consider a diffuse circular disk of diameter D and area A; and a plane diffuse surface of 
area A; < A;. The surfaces are parallel, and A; is located at a distance L from the center of Aj. 


Obtain an expression for the view factor F;;. 


SOLUTION 


Known: Orientation of small surface relative to large circular disk. 


Find: View factor of small surface with respect to disk, Fj. 


Schematic: 
dr 
dA, 
4; 
Assumptions: 


1. Diffuse surfaces. 
2. A; < A,. 


3. Uniform radiosity on surface A,. 


Analysis: The desired view factor may be obtained from Equation 13.1. 


ai | scl cela j 
F,= IA. dA; 
7 AjJaJa, — 7R? a 
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Recognizing that 6;, 0; and R are approximately independent of position on A,, this expression 
reduces to 


cos 6; cos 6; 
ij _ | 2 dA 
A aR 


or, with 6; = 0; = 9, 


2 

cos’ 8 
r=] dA, 
i 4, 7R J 


With R? = r? + L’, cos 6 = (L/R), and dA, = 27r dr, it follows that 


D/2 2 
F,= a | A ee: J (13.8 
: 0 (+R Di +4V oe 


Comments: 

1. Equation 13.8 may be used to quantify the asymptotic behavior of the curves in Figure 
13.5 as the radius of the lower circle, r;, approaches zero. 

2. The preceding geometry is one of the simplest cases for which the view factor may be 
obtained from Equation 13.1. Geometries involving more detailed integrations are 
considered in the literature [1, 3]. 

= iI 


EXAMPLE 13.2 


Determine the view factors F\2 and F>, for the following geometries: 


tS 
4 
C 
> > 
s a 
+ & —>| 
TT 
>> > 
WON 


(1) (2) (3) 


1. Sphere of diameter D inside a cubical box of length L = D. 
2. One side of a diagonal partition within a long square duct. 
3. End and side of a circular tube of equal length and diameter. 


SOLUTION 
SSS 


Known: Surface geometries. 


Find: View factors. 
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Assumptions: Diffuse surfaces with uniform radiosities. 


Analysis: The desired view factors may be obtained from inspection, the reciprocity rule, 
the summation rule, and/or use of the charts. 


1. Sphere within a cube: 


By inspection, F, = 1 <J 
A A, aD? T 

B ty, Fy, =— Fy = xX l= <J 
y reciprocity, F, 4, 8p 6 


2. Partition within a square duct: 


From summation rule, F,, + Fy. + Fy, = 1 


where F,, = 0 
By symmetry, Fy = Fy; 
Hence F,, = 0.50 < 


A 
By reciprocity, F5, = — Fy) = xX 0.5 = 0.71 <J 


V2L 

A, L 
3. Circular tube: 

From Table 13.2 or Figure 13.5, with (73/L) = 0.5 and (L/r,) = 2, F\3 = 0.172 

From summation rule, F), + Fy), + Fy; = 1 

or, with F;, = 0, Fy, = 1 — Fi, = 0.828 

aD?/4 
= “TDL X 0.828 = 0.207 


A 
From reciprocity, F,, = z Fy 
2 


Comment: The geometric surfaces may, in reality, not be characterized by uniform 
radiosities. The consequences of nonuniform radiosity are discussed in Example 13.3. 


13.2 Blackbody Radiation Exchange 


In general, radiation may leave a surface due to both reflection and emission, and on reach- 
ing a second surface, experience reflection as well as absorption. However, matters are sim- 
plified for surfaces that may be approximated as blackbodies, since there is no reflection. 
Hence energy leaves only as a result of emission, and all incident radiation is absorbed. 

Consider radiation exchange between two black surfaces of arbitrary shape (Figure 13.8). 
Defining q;_,; as the rate at which radiation /eaves surface i and is intercepted by surface j, it 
follows that 


Gini = (AW) Fi (13.9) 
or, since radiosity equals emissive power for a black surface (J; = E,,;), 

Gin; = AP Evi (13.10) 
Similarly, 


GH AE Ey (13.11) 


i dt 
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Ficure 13.8 Radiation transfer 
between two surfaces that may be approxi- 


mated as blackbodies. 


The net radiative exchange between the two surfaces may then be defined as 


Fig ~ Finj ~ Yi a2 
from which it follows that 


gy = AF Eu — AF iE 


reg Jo JF 


or, from Equations 12.32 and 13.3 
qy =AFyo(T} — T;) (US 113) 


Equation 13.13 provides the nef rate at which radiation leaves surface i as a result of its 
interaction with j, which is equal to the net rate at which j gains radiation due to its interac- 
tion with i. 

The foregoing result may also be used to evaluate the net radiation transfer from any 
surface in an enclosure of black surfaces. With N surfaces maintained at different tempera- 
tures, the net transfer of radiation from surface i is due to exchange with the remaining sur- 
faces and may be expressed as 


N 
GH LAFyo(T! =T) (13.14) 
= 


The net radiative heat flux, g/ = q,;/A;, was denoted as q{,q in Chapters 1 and 12. The sub- 
script rad has been dropped here for convenience. 


EXAMPLE 13.3 


A furnace cavity, which is in the form of a cylinder of 50-mm diameter and 150-mm length, 
is open at one end to large surroundings that are at 27°C. The bottom of the cavity is heated 
independently, as are three annular sections that comprise the sides of the cavity. All interior 
surfaces of the cavity may be approximated as blackbodies and are maintained at 1650°C. 
What is the required electrical power input to the bottom surface of the cavity? What is the 
electrical power to the top, middle, and bottom sections of the cavity sides? The backs of 
the electrically heated surfaces are well insulated. 
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¥ t Typical 
L 7 | i fae 


Insulation 


SOLUTION 


Known: Temperature of furnace surfaces and surroundings. 


Find: Electrical power required to maintain four sections of the furnace at the prescribed 
temperature. 


Schematic: 


Agy Ts = Tey = 300 K | 


|, Typ = 300 K 
| = Ay, T, = 1650°C 


Ag, Tz = 1650°C 


Typical 
heater 


Ap, Ty = 1650°C 


Ay, T; = 1650°C 


Insulation 


D=0.05m 


Assumptions: 
1. Interior surfaces behave as blackbodies with uniform radiosity and irradiation. 
2. Heat transfer by convection is negligible. 
3. Backs of electrically heated surfaces are adiabatic. 


Analysis: Subject to the foregoing assumptions, the only heat loss from the furnace is by 
radiation through the opening. Because the surroundings are large, the irradiation from the 
surroundings is equal to emission from a blackbody at T,,,, as discussed in Section 12.7. 
Furthermore, since radiation heat transfer between the furnace and the surroundings must 
pass through the opening, the radiation exchange may be analyzed as if it were between the 
furnace and a hypothetical black surface 5 at the opening, with T; = T,,,. This approach is 
discussed in detail in Example 13.4. The electrical power delivered to each surface balances 
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the corresponding radiation loss, which may be obtained from Equation 13.14. After 
employing Equation 13.3, we may write the following equations for surfaces | through 4. 


Surface 1: g, =A,\F,50(T;} — T3) = A5F5,0(T; — Ts) (1) 
Surface 2: Qo = ApFy50(T3 — T3) = As F590 (T 3 — T3) (2) 
Surface 3: gq; = A3F330(T3 — Ts) = AsFs30(T3 — T5) (3) 
Surface 4: G4 = AgFys0(T4 — TS) =A;F5,0(T4 — T) (4) 


We will determine the view factors by first defining two hypothetical surfaces A’ and A” as 
shown in the schematic. From Table 13.2 with (r/L) = (r/L) = (0.025 m/0.150 m) = 
0.167, F's; = 0.0263. With (r/L) = (r/L) = (0.025 m/0.100 m) = 0.25, F's” = 0.0557 so 
that F's) = Fs — Fs; = 0.0557 — 0.0263 = 0.0294. Likewise, with (r/L) = (r/L) = (0.025 m/ 
0.050 m) = 0.5, Fsy = 0.172 so that F353 = Fsy — Fsy = 0.172 — 0.0557 = 0.1163. Finally, 
Fs4 = 1—- Fs. = 1 — 0.172 = 0.828. The electrical power delivered to each of the four 
furnace surfaces can now be determined by solving Equations | through 4 for the radiation 
loss from each surface with A; = 7D7/4 = a X (0.05 m)’/4 = 0.00196 m?. 


gq: = 0.00196 m? X 0.0263 X 5.67 X 10° ® W/m?- K* x (1923 K* — 300 K*) = 39.9 W 
qo = 0.00196 m? X 0.0294 x 5.67 X 10-* W/m? + K* x (1923 K* — 300 K*) = 44.7 W 


g3 = 0.00196 m? X 0.1163 X 5.67 X 10-8 W/m? - K* x (1923 K* — 300 K*) = 177 W 


Ie ge wh 


d4 = 0.00196 m? X 0.828 X 5.67 X 10-8 W/m? - K* x (1923 K* — 300 K*) = 1260 W 


Comments: 


1. Adding the view factors corresponding to surface 5 yields 
Fs, + Fs) + F53 + Pq + F's55 = 0.0263 + 0.0294 + 0.1163 + 0.828 + 0 = 1 


Hence the enclosure rule, Equation 13.4, is satisfied, indicating that the view factors 
have been calculated correctly. Alternatively, the enclosure rule could have been uti- 
lized to determine one of the view factors used in the problem solution. 


2. The radiation heat loss from the furnace is g,., = G, + do + q3 + Gy = 1522 W = 1.522 kW. 
If the furnace were to have been treated as a single surface f, the heat loss could be quickly 
calculated as gig, = AsF,o(T; — T+) = 0.00196 m? X 1 X 5.67 X 10 ® W/m?-K X 
(1923 K* — 300 K*) = 1.522 kW. The answer is the same as determined in the problem 
solution since Fs¢= 1 = F's) + Peg + F3 + F'sq + Fs. 


3. We have assumed that each surface i is isothermal and characterized by uniform 
radiosity, J;,, as well as uniform irradiation, G; Because the isothermal furnace walls 
are treated as blackbodies, J; = E,; and the assumption of uniform radiosity is valid. 
However, the irradiation distribution of the furnace surfaces is not uniform since, for 
example, irradiation from the cool surroundings influences the upper region of an 
annular surface more than the lower region. To quantify this effect, the /ocal radiation 
heat flux along the vertical furnace wall may be determined by considering a ring ele- 
ment of differential area dA = mDdx as shown. Both sides of Equation 13.13 may be 
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divided by dA yielding g’(x) = Fy, ao(T} —T..) where the view factor from the 
differential ring element to the opening, area A; is [4] 


p _Glby + IR 
art Tey 


Substituting the expression for F,,—4, into the equation for the heat flux q"(x) yields the 
heat flux distribution shown below. Also shown are the average heat fluxes associated 
with the three furnace segments, q = q,/(@DL/3) = 44.7 W/(ar X 0.05 m X 0.15 m/3) = 


5690 W/m? = 5.69 kW/m?, 93 = q3/(@DL/3) = 22.5 kW/m, and qi = qyl(7DL/3) = 
160 kW/m’. 


400 
300 
ro 
E 
= 200 = 
= 14 
> 
100 
93 aa 
) 
) 0.05 0.1 0.15 


Because of the nonuniformity of the irradiation along the sidewalls of the cavity, the 
local heat flux is highly nonuniform with the largest value occurring adjacent to 
the furnace opening. If local temperatures or heat fluxes are of interest, it is necessary to 
subdivide the various geometric surfaces into smaller radiative surfaces. This may be 
done either analytically, as demonstrated here, or numerically. Computational determi- 
nation of local temperatures or heat fluxes may involve hundreds or perhaps thousands 
of radiative surfaces, even for simple geometries such as in this example. 


13.3 Radiation Exchange Between Opaque, Diffuse, Gray 
Surfaces in an Enclosure 


In general, radiation may leave an opaque surface due to both reflection and emission, and 
on reaching a second opaque surface, experience reflection as well as absorption. In an 
enclosure, such as that of Figure 13.9a, radiation may experience multiple reflections off all 
surfaces, with partial absorption occurring at each. 
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Ty, Ay, & 


A. 
JA; GA; oe 
\ j iN aG,A; &Aj 


b 
qi qj | 

4i 
(b) (c) (d) 


FicurE 13.9 Radiation exchange in an enclosure of diffuse, gray 
surfaces with a nonparticipating medium. (a) Schematic of the 
enclosure. (b) Radiative balance according to Equation 13.15. 

(c) Radiative balance according to Equation 13.17. (d) Resistance 
representing net radiation transfer from a surface. 


Analyzing radiation exchange in an enclosure may be simplified by making certain 
assumptions. Each surface of the enclosure is assumed to be isothermal and to be character- 
ized by a uniform radiosity and a uniform irradiation. The surfaces are also assumed to be 
opaque (tT = 0) and to have emissivities, absorptivities, and reflectivities that are indepen- 
dent of direction (the surfaces are diffuse) and independent of wavelength (the surfaces are 
gray). It was shown in Section 12.8 that under these conditions the emissivity is equal to 
the absorptivity, ¢ = a (a form of Kirchhoff’s law). Finally, the medium within the enclo- 
sure is taken to be nonparticipating. The problem is generally one in which either the tem- 
perature 7; or the net radiative heat flux q' associated with each of the surfaces is known. 
The objective is to use this information to determine the unknown radiative heat fluxes and 
temperatures associated with each of the surfaces. 


13.3.1 Net Radiation Exchange at a Surface 


The term g,, which is the net rate at which radiation lJeaves surface i, represents the net 
effect of radiative interactions occurring at the surface (Figure 13.95). It is the rate at which 
energy would have to be transferred to the surface by other means to maintain it at a con- 
stant temperature. It is equal to the difference between the surface radiosity and irradiation 
and from Equation 12.5 may be expressed as 


qi = AJ; — G)) @3a5)) 
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Using the definition of the radiosity, Equation 12.4, 
J,=E, + p,G; (13.16) 
the net radiative transfer from the surface may be expressed as 
qi = Af{E; — a;G;) (13.17) 


where use has been made of the relationship a; = 1 — p; for an opaque surface. This rela- 
tionship corresponds to Equation 12.6 and is illustrated in Figure 13.9c. Noting that 
E, = ¢,£,, and recognizing that p; = 1 — a; = 1 — e; for an opaque, diffuse, gray surface, 
the radiosity may also be expressed as 

J, = €,E,, + A — &)G; (13.18) 


t 


Solving for G; and substituting into Equation 13.15, it follows that 


J —«E,. 
a= Als ee +) 
l=; 
or 
Eee 
| ao TT 13.19 
o> (en. ae 


Equation 13.19 provides a convenient representation for the net radiative heat transfer 
rate from a surface. This transfer, which is represented in Figure 13.9d, is associated with 
the driving potential (E,,, — J;) and a surface radiative resistance of the form (1 — ¢,)/e,A;. 
Hence, if the emissive power that the surface would have if it were black exceeds its 
radiosity, there is net radiation heat transfer from the surface; if the inverse is true, the net 
transfer is to the surface. 

It is sometimes the case that one of the surfaces is very large relative to the other sur- 
faces under consideration. For example, the system might consist of multiple small surfaces 
in a large room. In this case, the area of the large surface is effectively infinite (A; > ©), 
and we see that its surface radiative resistance, (1 — €;)/e;A,, 1s effectively zero, just as it 
would be for a black surface (¢; = 1). Hence, J; = E,;, and a surface which is large relative 
to all other surfaces under consideration can be treated as if it were a blackbody. This 
important conclusion was reached in Section 12.7 and utilized in Example 13.3, where it 
was based on a physical argument and has now been confirmed from our treatment of gray 
surface radiation exchange. Again, the physical explanation is that, even though the large sur- 
face may reflect some of the irradiation incident upon it, it is so big that there is a high 
probability that the reflected radiation reaches another point on the same large surface. 
After many such reflections, all the radiation that was originally incident on the large sur- 
face is absorbed by the large surface, and none ever reaches any of the smaller surfaces. 


13.3.2 Radiation Exchange Between Surfaces 


To use Equation 13.19, the surface radiosity J; must be known. To determine this quantity, 
it is necessary to consider radiation exchange between the surfaces of the enclosure. 

The irradiation of surface i can be evaluated from the radiosities of all the surfaces in 
the enclosure. In particular, from the definition of the view factor, it follows that the total 
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rate at which radiation reaches surface i from all surfaces, including i, is 


N 
AiG; = > F,A,Jj 
j=l 


De | 


or from the reciprocity relation, Equation 13.3, 


Canceling the area A, and substituting into Equation 13.15 for G;, 


N 
qi — aly ~ $r,4) 
j=l 
or, from the summation rule, Equation 13.4, 


N N 
q= a( Didi — Sr) 
J~ J 


Hence 


N N 
Ch = DAFi i — J) = 2d (13.20) 
iF i 


Radiation Network Approach Equation 13.20 equates the net rate of radiation transfer 

from surface i, q;, to the sum of components q;; related to radiative exchange with the other 

surfaces. Each component may be represented by a network element for which (J; — J;) is 

the driving potential and (A,F; Ae is a space or geometrical resistance (Figure 13.10). 
Combining Equations 13.19 and 13.20, we then obtain 


Jae — Ih » 


(l—ejleA; ja (AF) 


i 


(IBZ) 


As shown in Figure 13.10, this expression represents a radiation balance for the radiosity 
node associated with surface i. The rate of radiation transfer (current flow) to 7 through its 
surface resistance must equal the net rate of radiation transfer (current flows) from i to all 
other surfaces through the corresponding geometrical resistances. 

Note that Equation 13.21 is especially useful when the surface temperature 7; (hence E,,) 
is known. Although this situation is typical, it does not always apply. In particular, situations 
may arise for which the net radiation transfer rate at the surface q;, rather than the tempera- 
ture T,, is known. In such cases the preferred form of the radiation balance is Equation 
13.20, rearranged as 


N i 
a= (13.22) 


Use of network representations was first suggested by Oppenheim [6]. The network is 
built by first identifying nodes associated with the radiosities of each of the N surfaces of 
the enclosure. The method provides a useful tool for visualizing radiation exchange in the 
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a> Fi(w-1) 
(A; Figy-ay) : 


Node corresponding 
to the surface i 


Jy 

i qin 
Ficure 13.10 Network representation of radiative exchange 
between surface i and the remaining surfaces of an enclosure. 


enclosure and, at least for simple enclosures, may be used as the basis for predicting this 
exchange. 


Direct Approach An alternative direct approach to solving radiation enclosure problems 
involves writing Equation 13.21 for each surface at which T; is known, and writing Equa- 
tion 13.22 for each surface at which q; is known. The resulting set of N linear, algebraic 
equations is solved for J, J>,..., Jy. With knowledge of the J;, Equation 13.19 may then 
be used to determine the net radiation heat transfer rate g; at each surface of known T, or 
the value of 7, at each surface of known q;. For any number WN of surfaces in the enclosure, the 
foregoing problem may readily be solved by the iteration or matrix inversion methods of 
Chapter 4 and Appendix D. 


EXAMPLE 13.4: 

[So i Se ee eee 

In manufacturing, the special coating on a curved solar absorber surface of area A, = 15 m* 
is cured by exposing it to an infrared heater of width W = 1 m. The absorber and heater are 
each of length L = 10 m and are separated by a distance of H = 1 m. The upper surface of 
the absorber and the lower surface of the heater are insulated. 


Room walls, 
car 
Absorber 


surface, Ao, To, Eo 


}¢—— > —+} 


Heater, A,, 7), € 
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The heater is at J, = 1000 K and has an emissivity of ¢, = 0.9, while the absorber is at 
T, = 600 K and has an emissivity of ¢, = 0.5. The system is in a large room whose walls 
are at 300 K. What is the net rate of heat transfer to the absorber surface? 


SOLUTION 
BS eee) 


Known: A curved, solar absorber surface with a special coating is being cured by use of 
an infrared heater in a large room. 


Find: Net rate of heat transfer to the absorber surface. 


Schematic: 
Collector, L= 10m 
[ Bop —~*_ T, =600 K, A, = 15 m? 
I 1. ' Lp .42 14 , 
I ap | €)=0.5 
t- T3 = Tey, = 300 K 1 
I | 
E3= 1 I , 
H=1m Lae 
I 
I 
| | T, = 1000 K, A, = 10 m2, 
I 1 €,=0.9 
: W=1lm —| Heater, L = 10m 
Assumptions: 


1. Steady-state conditions exist. 
2. Convection effects are negligible. 


3. Absorber and heater surfaces are diffuse and gray and are characterized by uniform 
irradiation and radiosity. 


4. The surrounding room is large and therefore behaves as a blackbody. 


Analysis: The system may be viewed as a three-surface enclosure, with the third surface 
being the large surrounding room, which behaves as a blackbody. We are interested in 
obtaining the net rate of radiation transfer to surface 2. We solve the problem using both 
the radiation network and direct approaches. 


Radiation Network Approach The radiation network is constructed by first identifying 
nodes associated with the radiosities of each surface, as shown in step | in the following 
schematic. Then each radiosity node is connected to each of the other radiosity nodes through 
the appropriate space resistance, as shown in step 2. We will treat the surroundings as having 
a large but unspecified area, which introduces difficulty in expressing the space resistances 
(A3F3,) | and (A3F3) |. Fortunately, from the reciprocity relation (Equation 13.3), we can 
replace A3F3, with A,F,; and A3F3, with A,F’,;, which are more readily obtained. The final 
step is to connect the blackbody emissive powers associated with the temperature of each sur- 
face to the radiosity nodes, using the appropriate form of the surface resistance. 


848 


Chapter 13. = Radiation Exchange Between Surfaces 


J 
o/3 2 
(AyFy3) (A,Fo3) 
J,° oJ, J, Jo 
(AyFy2)* 
Step 1 Step 2 Step 3 


In this problem, the surface resistance associated with surface 3 is zero according to 
assumption 4; therefore, J; = E,; = oT} = 459 W/m’. 
Summing currents at the J, node yields 


ea dJy.. . Simi, hoo 


1 
d ~~ é,/e,A, V/A\F i V/A, Fy; ( ) 

while summing the currents at the J, node results in 
aly Ix — dg=J, : J, — oT} (2) 


a _ En)lé,A> L/A,F i> 1/A,F 53 


The view factor F,, may be obtained by recognizing that F}, = F\», where A} is shown in 
the schematic as the rectangular base of the absorber surface. Then, from Figure 13.4 or 
Table 13.2, with Y/L = 10/1 = 10 and X/L = 1/1 = 1, 


Fy = 0.39 
From the summation rule, and recognizing that F,, = 0, it also follows that 
Fy3= 1 —Fy= 1 — 0.39 = 0.61 


The last needed view factor is F,3. We recognize that, since radiation propagating from sur- 
face 2 to surface 3 must pass through the hypothetical surface A 4, 


Aj Fy3 = Aj Fy 

and from symmetry F,, = F\3. Thus 
Ay _ 10m? 
"15 m2 
We may now solve Equations | and 2 for J, and J,. Recognizing that E,, = oT { =56,700 W/m? 
and canceling the area A,, we can express Equation | as 

56,700 ~ J; = J; —J, i Ji — 459 

(1—0.9)0.9 1/039 1/0.61 


Fy; x 0.61 _ 0.41 


2. As 


or 


—10J, + 0.39J, = —510,582 (3) 
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Noting that E,, =aT5 = 7348 W/m’ and dividing by the area A, we can express Equation 2 as 


7348 — J, do d4 , J, — 459 


(1—0.5/0.5  15m2/(10 m2 x 0.39) —-*1/0.41 


or 
0.26J, — 1.67J, = —7536 (4) 


Solving Equations 3 and 4 simultaneously yields J, = 12,487 W/m’. 
An expression for the net rate of heat transfer from the absorber surface, q,, may be 
written upon inspection of the radiation network and is 


ar = Jo 


Pl — ele, 


resulting in 


(7348 — 12,487) Wim? 


b ~ = -77.1kW 
(1 — 0.5)(0.5 X 15 m?) 


Hence, the net heat transfer rate to the absorber is gy. = —q. = 77.1 kW. < 


Direct Approach Using the direct approach, we write Equation 13.21 for each of the 
three surfaces. We use reciprocity to rewrite the space resistances in terms of the known 
view factors from above and to eliminate A3. 


Surface | 

oT} — J, Is ; J, — J (5) 
Q—ejleA, WAFiy  VAF 3 

Surface 2 

oT} — J, Fe ge I a F J, — J; (6) 
fl=-neA, TA Tr, VAP, UWA 

Surface 3 

oT; — J IJ J,-J, I, - JS, F J, —J, (7) 


+ 
(l—e,)/e,A, WA;Fy, VA UVAF\;  1/A.Fo 


Substituting values of the areas, temperatures, emissivities, and view factors into 
Equations 5 through 7 and solving them simultaneously, we obtain J, = 51,541 W/m’, 
J, = 12,487 W/m?, and J, = 459 W/m’. Equation 13.19 may then be written for surface 2 as 


ol; = Js 


— (1 = é9)/érAq 


This expression is identical to the expression that was developed using the radiation 
network. Hence, g, = —77.1 kW. d 
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Comments: 


1. In order to solve Equations 5 through 7 simultaneously, we must first multiply both 
sides of Equation 7 by (1 — €3)/e,A; = 0 to avoid division by zero, resulting in the 
simplified form of Equation 7, which is J; = oT3. 

2. If we substitute J, = 77} into Equations 5 and 6, it is evident that Equations 5 and 6 
are identical to Equations | and 2, respectively. 


3. The direct approach is recommended for problems involving N = 4 surfaces, since 
radiation networks become quite complex as the number of surfaces increases. 


4. As will be seen in Section 13.4, the radiation network approach is particularly useful 
when thermal energy is transferred to or from surfaces by additional means, that is, by 
conduction and/or convection. In these multimode heat transfer situations, the addi- 
tional energy delivered to or taken from the surface can be represented by additional 
current into or out of a node. 


5. Recognize the utility of using a hypothetical surface (A) to simplify the evaluation of 
view factors. 


6. We could have approached the solution in a slightly different manner. Radiation leav- 
ing surface 1 must pass through the openings (hypothetical surface 3’) in order to reach 
the surroundings. Thus, we can write. 


Fiz = Fy 
A\F\3 = AyFi3 = A3F 34 


A similar relationship can be written for exchange between surface 2 and the surround- 
ings, that is, A,F>, = AF. Thus, the space resistances which connect to radiosity node 3 
in the radiation network above can be replaced by space resistances pertaining to surface 
3’. The resistance network would be unchanged, and the space resistances would have the 
same values as those determined in the foregoing solution. However, it may be more con- 
venient to calculate the view factors by utilizing the hypothetical surfaces 3’. With the sur- 
face resistance for surface 3 equal to zero, we see that openings of enclosures that 
exchange radiation with large surroundings may be treated as hypothetical, nonreflecting 
black surfaces (€; = 1) whose temperature is equal to that of the surroundings (T3 = T,,). 


7. The heater and absorber surfaces would not be characterized by uniform irradiation or 
radiosity. The calculated heat rate could be checked by dividing the heater and 
absorber into subsurfaces, and repeating the analysis. 


13.3.3 The Two-Surface Enclosure 


The simplest example of an enclosure is one involving two surfaces that exchange radiation 
only with each other. Such a two-surface enclosure is shown schematically in Figure 13.1 1a. 
Since there are only two surfaces, the net rate of radiation transfer from surface 1, g,, must 
equal the net rate of radiation transfer to surface 2, —q,, and both quantities must equal the 
net rate at which radiation is exchanged between 1 and 2. Accordingly, 


N~ ~92~ Fi2 
The radiation transfer rate may be determined by applying Equation 13.21 to surfaces 1 and 2 
and solving the resulting two equations for J, and J;. The results could then be used with Equa- 
tion 13.19 to determine g, (or qg,). However, in this case the desired result is more readily 
obtained by working with the network representation of the enclosure shown in Figure 13.11. 
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Az, Tp, €5 
Ay, Ty, & 
(a) 
1-& 1 1-€ 
Ey &1Ay i, Are Jn €2Ae Exo 
1—>o A/\/\/—o 0 —>~-2 
——- —— _—_ 
ae; do ae FicurE 13.11 The two-surface 
1 Tr eyeA, “42> Te VepAp enclosure. (a) Schematic. (b) Network 
(b) representation. 


From Figure 13.11 we see that the total resistance to radiation exchange between surfaces 
1 and 2 is comprised of the two surface resistances and the geometrical resistance. Hence, sub- 
stituting from Equation 12.32, the net radiation exchange between surfaces may be expressed as 


oh, =i) 
Cia = Oh = Ch = 


* 1 = ron 1 il = €o 
ar ar 
é\A, A\F\2 & Ay 


(33,23) 


The foregoing result may be used for any two isothermal diffuse, gray surfaces that 
form an enclosure and are each characterized by uniform radiosity and irradiation. Impor- 
tant special cases are summarized in Table 13.3. 


TABLE 13.3 Special Diffuse, Gray, Two-Surface Enclosures 


Large (Infinite) Parallel Planes 


Ay, Ty, & aeons 
| -A,= o(T; — 
Ay ~ Aa A qi2 = ak ce (13.24) 
Ap, Tz, €2 fgol es | 
é| €2 
Long (Infinite) Concentric Cylinders 
r Art _ WATT = 7 
Ay !2 12 
I Ag ea (13.25) 
Fy =1 E| ED le) 
Concentric Spheres 4 4 
Ay Ty oA\(T; — T>) 
FSR qi2 
Ayr} 1 t= * r,\? 13.96 
Fy =1 é) &  \lr oe 
Small Convex Object in a Large Cavity 
AiG qi = oAe(T} — T3) 
Ag (13.27) 


Ao, To, Eo 
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13.3.4 Radiation Shields 


Radiation shields constructed from low emissivity (high reflectivity) materials can be used 
to reduce the net radiation transfer between two surfaces. Consider placing a radiation 
shield, surface 3, between the two large, parallel planes of Figure 13.12a. Without the radi- 
ation shield, the net rate of radiation transfer between surfaces 1 and 2 is given by Equation 
13.24. However, with the radiation shield, additional resistances are present, as shown 
in Figure 13.12b, and the heat transfer rate is reduced. Note that the emissivity associated 
with one side of the shield (¢; ,) may differ from that associated with the opposite side (€3 5) 
and the radiosities will always differ. Summing the resistances and recognizing that 
Fiz = Fy = 1, it follows that 


A,o(T{ — T3) 


1.1 ,17 81 1-32 


(13.28) 


Note that the resistances associated with the radiation shield become very large when the 
emissivities €3, and €3, are very small. 

Equation 13.28 may be used to determine the net heat transfer rate if T, and 7) are 
known. From knowledge of q,. and the fact that gj. = q,3 = 32, the value of 7; may then 
be determined by expressing Equation 13.24 for q13 or 3p. 

The foregoing procedure may readily be extended to problems involving multiple radi- 
ation shields. In the special case for which all the emissivities are equal, it may be shown 
that, with N shields, 


Gio = yey Id (13.29) 


where (q}2)o 1s the radiation transfer rate with no shields (NV = 0). 


Radiation 
shield 
—> || > —> || —> (a) 
1 113 932 “42 
€3,1 
€3,2 
Ay, 7), €) | Ap, To, €2 
A3,T3 
Ey, Jy J31 Eng J3,2 Jp Eve do 
> oc VW\r0 V0 V0 Y/N "0s Ficure 13.12 Radiation exchange 
a 1-& 1 1&3; 1~€32 1 1-€ between large parallel planes with a 
&A, AiFi3 €3143 — &3,243 A3F32 EpAp radiation shield. (a) Schematic. (6) Network 


(b) representation. 
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EXAMPLE 13.5 

—————EEEE SEE =z 

A cryogenic fluid flows through a long tube of 20-mm diameter, the outer surface of which 
is diffuse and gray with e, = 0.02 and T,; = 77 K. This tube is concentric with a larger tube 
of 50-mm diameter, the inner surface of which is diffuse and gray with ¢, = 0.05 and 
T, = 300 K. The space between the surfaces is evacuated. Calculate the heat gain by the 
cryogenic fluid per unit length of tubes. If a thin radiation shield of 35-mm diameter and 
€3 = 0.02 (both sides) is inserted midway between the inner and outer surfaces, calculate 
the change (percentage) in heat gain per unit length of the tubes. 


SOLUTION 


Known: Concentric tube arrangement with diffuse, gray surfaces of different emissivi- 
ties and temperatures. 


Find: 


1. Heat gain by the cryogenic fluid passing through the inner tube. 


2. Percentage change in heat gain with radiation shield inserted midway between inner 
and outer tubes. 


Schematic: 
Shield 
D3=35 mm 
&, = 0.02 
Without shield (so) With shield (w) 
Assumptions: 


1. Surfaces are diffuse and gray and characterized by uniform irradiation and radiosity. 
2. Space between tubes is evacuated. 

3. Conduction resistance for radiation shield is negligible. 

4. Concentric tubes form a two-surface enclosure (end effects are negligible). 


Analysis: 
1. The network representation of the system without the shield is shown in Figure 13.11, 
and the heat rate may be obtained from Equation 13.25, where 


_ o(aD, LT} — T3) 
11 (D, 
€| Ey D, 


_ q _ 5.67 X 10° W/m? : K* (a X 0.02 m)[(77 K)* — (300 K)*] 


L 1, 10.05 (0.02 m 
0.02 0.05 \0.05m 


Hence 
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2. The network representation of the system with the shield is shown in Figure 13.12, and 
the heat rate is now 


= Ex — Exe = ol; — T5) 


Rot Root 
where 
R _ 1 — Ej ; 1 # 2 1 — &3 ; il j 1 == ron) 
e(@DL) (TDL)F i LemD3L)| (DL) &x(7D2L) 
or 
ae 1 —0.02 | 1 
‘tL |0.02(a7 X 0.02m) (a X 0.02 m)1 
“4 1 — 0.02 | 1 ) 1 — 0.05 
0.02(a7 X 0.035m)} (7 X 0.035m)1 —0.05(ar X 0.05 m) 
Re: = £(779.9 + 15.9 + 891.3 +9.1 + 121.0) = 1817 (,) 
3 L \w 
Hence 
q 5.67 X 10-8 W/m? - K* [(77 K)* — (300 K)*] 
‘== = —0.2 <J 
a 1817 (1/m) Ceo ie 
The percentage change in the heat gain is then 
Gn — Goo (—0.25 W/m) — (—0.50 W/m) 
au We -s¢ 100= x 100 = —50% <J 
an —0.50 Wim : 


Comment: Because the geometries are concentric and the specified emissivities and pre- 
scribed surface temperatures are spatially uniform, each surface is characterized by uniform 
irradiation and radiosity distributions. Hence the calculated heat transfer rates would not 
change if the cylindrical surfaces were to be subdivided into smaller radiative surfaces. 


13.3.5 The Reradiating Surface 


The assumption of a reradiating surface is common to many industrial applications. This 
idealized surface is characterized by zero net radiation transfer (gq; = 0). It is closely 
approached by real surfaces that are well insulated on one side and for which convection 
effects may be neglected on the opposite (radiating) side. With g; = 0, it follows from 
Equations 13.15 and 13.19 that G; = J; = E,;. Hence, if the radiosity of a reradiating sur- 
face is known, its temperature is readily determined. In an enclosure, the equilibrium tem- 
perature of a reradiating surface is determined by its interaction with the other surfaces, and 
it is independent of the emissivity of the reradiating surface. 

A three-surface enclosure, for which the third surface, surface R, is reradiating, is 
shown in Figure 13.13a, and the corresponding network is shown in Figure 13.135. Surface 
R is presumed to be well insulated, and convection effects are assumed to be negligible. 
Hence, with gz = 0, the net radiation transfer from surface | must equal the net radiation 
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Ficure 13.13 A three-surface enclosure with one surface reradiating. (a) Schematic. 
(b) Network representation. 


transfer to surface 2. The network is a simple series—parallel arrangement, and from its 
analysis it is readily shown that 


Ey, — Exp 
ees i b=s, (330) 


+ 
EA, AF) + [V/A Fig) + (W/AgFog)) | &2 Ao 


1 -—~Q= 


Knowing gq; = —q>, Equation 13.19 may be applied to surfaces | and 2 to determine their 
radiosities J, and J;. Knowing J;, J>, and the geometrical resistances, the radiosity of the 
reradiating surface Jp may be determined from the radiation balance 


J ~~ Jr JR ~~ J, == 
CVA,Fip) — (/A2F op) 


(13.31) 


The temperature of the reradiating surface may then be determined from the requirement 
that oT; = Jp. 

Note that the general procedure described in Section 13.3.2 may be applied to enclo- 
sures with reradiating surfaces. For each such surface, it is appropriate to use Equation 
13.22 with g; = 0. 


EXAMPLE 13.6 

_——— 

A paint baking oven consists of a long, triangular duct in which a heated surface is main- 
tained at 1200 K and another surface is insulated. Painted panels, which are maintained at 
500 K, occupy the third surface. The triangle is of width W = 1 m on a side, and the heated 
and insulated surfaces have an emissivity of 0.8. The emissivity of the panels is 0.4. During 
steady-state operation, at what rate must energy be supplied to the heated side per unit 
length of the duct to maintain its temperature at 1200 K? What is the temperature of the 
insulated surface? 


SOLUTION 


Known: Surface properties of a long triangular duct that is insulated on one side and 
heated and cooled on the other sides. 
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Find: 
1. Rate at which heat must be supplied per unit length of duct. 


2. Temperature of the insulated surface. 


Schematic: 
4 
En 
Equilateral aa 
triangle ml 
p=0.8 O& —T,=1200K 
Lc. €, = 0.8 
R 1 Jp=Ebp V/A,Fy> 
dp = 0 —> faz 
T> = 500 K 
ane VA, op Jo 
ke W=lm—> — 
= € 
Ay 
Eng 
ie 
Assumptions: 


1. Steady-state conditions exist. 

. All surfaces are opaque, diffuse, gray, and of uniform radiosity and irradiation. 
. Convection effects are negligible. 

. Surface R is reradiating. 


nan b&b WwW N 


. End effects are negligible. 


Analysis: 

1. The system may be modeled as a three-surface enclosure with one surface reradiating. 
The rate at which energy must be supplied to the heated surface may then be obtained 
from Equation 13.30: 

= Ey, oa; Ej 
Ler , 1 l—& 
EA, A, Fi) + [C/A Fig) + (/AgF og)! 82 Ap 


vil 


From symmetry, Fy = Fig = For = 0.5. Also, Ay = Az = W°L, where L is the duct 
length. Hence 

q 5.67 X 10 8 W/m?: K* (12004 — 500%) K* 

L 1-08 , 1 of 1-04 


0.8X1lm 1ImxX05+(2+2)'m 04XI1m 


or 


qi = 37 kW/m = —q) <J 
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2. The temperature of the insulated surface may be obtained from the requirement that 
Jp = Epp, where Jp may be obtained from Equation 13.31. However, to use this expres- 
sion J, and J, must be known. Applying the surface energy balance, Equation 13.19, to 
surfaces | and 2, it follows that 


1 — 
j= Ey -— W qi = 5.67 X 1078 W/m2 + K* (1200 K)! 
1 


_ 1-08 


X 37,000 W/m = 108,323 W/m? 
0.8 X 1m 


1- 5) 
h=Ey-— oa gi = 5.67 X 10-8 Wim? - K4 (500 K)4 
2 


1-04 ¢_ _ , 
0.4 X = 37,000 W/m) = 59,043 W/m 


From the energy balance for the reradiating surface, Equation 13.31, it follows that 


108,323 — Jp Jp — 59,043 _ 
1 1 
WXLX0.5 WXLX05 


Hence 
Ip= 83,6833 Win =£,—o7, 
2 4 
= 83,683 W/m Hise a 
5.67 X 10° W/m’: K* 
Comments: 


1. We would expect the temperature of the reradiating surface to be higher in regions 
adjacent to surface 1 and lower in regions closer to surface 2. Our intuition corre- 
sponds to the fact that the surface irradiation and radiosity distributions are not uni- 
form, calling into question the validity of Assumption 2. The temperature distribution 
of the reradiating surface could be determined by use of an analytical or numerical 
approach, as described in Comment 3 of Example 13.3. If each geometric surface were 
to be subdivided into 10 smaller elements, however, we would need (3 X 10)? = 900 
view factors. Precise prediction of radiation heat transfer rates in enclosures whose 
geometric surfaces are not characterized by uniform radiosity or irradiation distribu- 
tions involves a trade-off between accuracy and computational effort. 


2. The results are independent of the value of &,. 


3. This problem may also be solved using the direct approach. The solution involves first 
determining the three unknown radiosities J,, J,, and Jp. The governing equations are 
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obtained by writing Equation 13.21 for the two surfaces of known temperature, 1 and 
2, and Equation 13.22 for surface R. The three equations are 


Ey, — J _ J, -J, J, — Jp 
(-ejleA, (AiFy)! (AF)! 


Ey—S, _ Jaw h Jn — Ip 
(1 — ép)lenA, (AoFy) (AsFor) 


_ Jr— Ji i Ir— Jn 


(ApF ri) , (ApF po) : 


Canceling the area A,, the first equation reduces to 


117,573 —J, J, — Jo \ J, — Jp 
0.25 2 * 2 


or 
10J, — Jy — Jr = 940,584 (1) 


Similarly, for surface 2, 


3544 —-—J,_ In - J : J, — Jr 
1.50 . ° o 
or 
—J, + 3.33, — Jp = 4725 (2) 


and for the reradiating surface 
Jr — J tl). Jr — J. 2 


a) 2 


or 


—J, — Jn + 2Jp =0 (3) 
Solving Equations 1, 2, and 3 simultaneously yields 
J, = 108,328 Wim? J, = 59,018 Wim? and Jz = 83,673 W/m? 


Recognizing that Jp = oT, it follows that 


1/4 2 1/4 
n=(2| -( 83,673 W/m )"= 1102 


- 5.67 X 10° W/m? : K+ 
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_ — J, 
| Enclosure 

4; l-¢, 

dirad \ / iconv trad é;A; 


iext ca 
= a 
4i,cond , | Ficure 13.14 Multimode heat transfer 


icond is 
from a surface in an enclosure. (a) Surface 


(a) (b) energy balance. (b) Circuit representation. 


13.4 Multimode Heat Transfer 


Thus far, radiation exchange in an enclosure has been considered under conditions for 
which conduction and convection could be neglected. However, in many applications, con- 
vection and/or conduction are comparable to radiation and must be considered in the heat 
transfer analysis. 

Consider the general surface condition of Figure 13.14a. In addition to exchanging 
energy by radiation with other surfaces of the enclosure, there may be external heat addi- 
tion to the surface, as, for example, by electric heating, and heat transfer from the surface 
by convection and conduction. From a surface energy balance, it follows that 


Jiext ~ Jirad + iconv + i,cond (13.32) 


where qj,., the net rate of radiation transfer from the surface, is determined by standard pro- 
cedures for an enclosure. Hence, in general, g;,,4 may be determined from Equation 13.19 or 
13.20, while for special cases such as a two-surface enclosure and a three-surface enclosure 
with one reradiating surface, it may be determined from Equations 13.23 and 13.30, respec- 
tively. The surface network element of the radiation circuit is modified according to Figure 
13.14b, where Gjext Yicond> AN iconv Fepresent current flows to or from the surface node. 
Note, however, that while 4; .onq ANd Gj cony ALE proportional to temperature differences, d;ja4 1S 
proportional to the difference between temperatures raised to the fourth power. Conditions 
are simplified if the back of the surface is insulated, in which case 4;,.o,q = 0. Moreover, if 
there is no external heating and convection is negligible, the surface is reradiating. 


EXAMPLE 13.7 


Consider an air heater consisting of a semicircular tube for which the plane surface is main- 
tained at 1000 K and the other surface is well insulated. The tube radius is 20 mm, and both 
surfaces have an emissivity of 0.8. If atmospheric air flows through the tube at 0.01 kg/s 
and T,,, = 400 K, what is the rate at which heat must be supplied per unit length to maintain 
the plane surface at 1000 K? What is the temperature of the insulated surface? 


SOLUTION 


Known: Airflow conditions in tubular heater and heater surface conditions. 


Find: Rate at which heat must be supplied and temperature of insulated surface. 


860 


Chapter 13. = Radiation Exchange Between Surfaces 


Schematic: 
Air 
p=latm 
T,, = 400 K 
ri = 0.01 kg/s 
=20mm 
91 conv 92,conv 
Ey) we Jy Jp \ En 
Fe ”An™WNW VN IN 5 
Fi ,ext 1-& 1 1-€) et 
€,A, AjF yp EnA, 
Assumptions: 


1. Steady-state conditions. 

2. Diffuse, gray surfaces experiencing uniform irradiation and radiosity. 
3. Negligible tube end effects and axial variations in gas temperature. 

4. Fully developed flow. 


Properties: Table A.4, air (1 atm, 400 K): k = 0.0338 W/m: K, pu = 230 X 1? kg/s+m, 
e, = LOM kek, Pr= 0.69. 


Analysis: Since the semicircular surface is well insulated and there is no external heat 
addition, a surface energy balance yields 


-_ 2 rad = 2.conv 


Since the tube constitutes a two-surface enclosure, the net radiation transfer to surface 2 
may be evaluated from Equation 13.23. Hence 
nit =) 
l-e, 1 l-e& 


eA, A\F\2 &A, 


= hA,T, — Ty) 


where the view factor is F,, = 1 and, per unit length, the surface areas are A, = 2r, and 
A, = @r,. With 


_ pu,,D), a mD), _ mD,, 
BO AM (arre/2)p 


Rep 


the hydraulic diameter is 


Hence 


7 0.01 kg/s X 0.0244 m 
(m/2) (0.02 m)? X 230 X 10°’ kg/s-m 


= 16,900 


Rep 
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From the Dittus—Boelter equation, 
Nup = 0.023 Res Pr°* 
Nup = 0.023(16,900)*°(0.69)°* = 47.8 


oe: Nup = 0.0338 W/m: K 


47.8 = 66.2 Wim2+K 
D, 0.0244 m Sc ee vine 


Dividing both sides of the energy balance by A), it follows that 


5.67 X 10-8 W/m? - K*[(1000)* — 73] K* 
cgice L082 
0.8 0.8 7 


= 66.2 5 (T, — 400) W/m? 


or 
5.67 X 10° 7? + 146.57, — 115,313 =0 
A trial-and-error solution yields 
T, = 696 K < 
From an energy balance at the heated surface, 


F1,ext _ Qi zad + 1 conv _ 2,conv + Qi conv 


Hence, on a unit length basis, 
Don = hetr,(T, — Ty) + h2r(T, — Ty) 
Tiext = 6.2 X 0.02[7 (696 — 400) + 2(1000 — 400)] W/m 
Diext = (1231 + 1589) W/m = 2820 W/m < 


Comments: 


1. The irradiation, radiosity, and convection heat flux distributions along the surfaces 
would not be uniform. As a consequence, we would expect the temperature of the 
insulated surface to be higher in the corner regions adjacent to surface 1 and lower in 
the crown of the enclosure. Determination of the irradiation, radiosity, temperature, 
and convection heat flux distributions along the various surfaces would require a more 
complex analysis incorporating many radiative surfaces. 


2. Applying an energy balance to a differential control volume about the air, it follows that 


dT i 2820 W/m 
dx mc, 0.01 kg/s (1014 J/kg - K) 


= 278 K/m 


Hence the air temperature change is significant, and a more representative analysis 
would subdivide the tube into axial zones and would allow for variations in air and 
insulated surface temperatures between zones. Moreover, a two-surface analysis of 
radiation exchange would no longer be appropriate. 


862 


Chapter 13. = Radiation Exchange Between Surfaces 


13.5 Implications of the Simplifying Assumptions 


Although we have developed a means for predicting radiation exchange between surfaces, it 
is important to be cognizant of the inherent limitations of our analyses. Recall that we have 
analyzed idealized surfaces that are isothermal, opaque, and gray that emit and reflect dif- 
fusely and are characterized by uniform radiosity and irradiation distributions. Moreover, the 
enclosures that we have analyzed have been assumed to house media that are nonparticipat- 
ing; that is, they neither absorb nor scatter the surface radiation, and emit no radiation. 

The analysis techniques presented in this chapter may often be used to obtain first esti- 
mates and, in many cases, sufficiently accurate results for radiation heat transfer involving 
multiple surfaces that form an enclosure. In some cases, however, the assumptions are 
inappropriate, and more refined prediction methods are needed. Although beyond the 
scope of this text, the methods are discussed in more advanced treatments of radiation 
transfer [3, 7-12]. 


13.6 Radiation Exchange with Participating Media 


Except for our discussion of environmental radiation (Section 12.9), we have said little 
about gaseous radiation, having confined our attention to radiation exchange at the surface 
of an opaque solid or liquid. For nonpolar gases, such as O, or N>, such neglect is justified, 
since the gases do not emit radiation and are essentially transparent to incident thermal 
radiation. However, the same may not be said for polar molecules, such as CO,, H,O 
(vapor), NH3, and hydrocarbon gases, which emit and absorb over a wide temperature 
range. For such gases matters are complicated by the fact that, unlike radiation from a solid 
or a liquid, which is distributed continuously with wavelength, gaseous radiation is concen- 
trated in specific wavelength intervals (called bands). Moreover, gaseous radiation is not a 
surface phenomenon, but is instead a volumetric phenomenon. 


13.6.1 Volumetric Absorption 


Spectral radiation absorption in a gas (or in a semitransparent liquid or solid) is a function 
of the absorption coefficient x, (1/m) and the thickness L of the medium (Figure 13.15). If 
a monochromatic beam of intensity J, 9 is incident on the medium, the intensity is reduced 
due to absorption, and the reduction occurring in an infinitesimal layer of thickness dx may 
be expressed as 


dl\(x) = —k,L(x) dx (13.33) 


Lo=h (0) 


Me dx 


9) L_ FicureE 13.15 Absorption in a gas or liquid layer. 
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Separating variables and integrating over the entire layer, we obtain 


Ki dl, (x) ae [oa 
ho A@) 7 0 


where k, is assumed to be independent of x. It follows that 


Ni = e Kal 
Ko 


(13.34) 


This exponential decay, termed Beer’s law, is a useful tool in approximate radiation analy- 
sis. It may, for example, be used to infer the overall spectral absorptivity of the medium. In 
particular, with the transmissivity defined as 


= Au = el 
To 


(13.35) 


T) 


the absorptivity is 
a =l-1,=1l-e™ (13.36) 


If Kirchhoff’s law is assumed to be valid, a, = €,, Equation 13.36 also provides the spec- 
tral emissivity of the medium. 


13.6.2 Gaseous Emission and Absorption 


A common engineering calculation is one that requires determination of the radiant heat 
flux from a gas to an adjoining surface. Despite the complicated spectral and directional 
effects inherent in such calculations, a simplified procedure may be used. The method was 
developed by Hottel [13] and involves determining radiation emission from a hemispheri- 
cal gas mass of temperature 7, to a surface element dA,, which is located at the center of 
the hemisphere’s base. Emission from the gas per unit area of the surface is expressed as 


E, =¢,0T! (13.37) 


where the gas emissivity ¢, was determined by correlating available data. In particular, e, 
was correlated in terms of the temperature 7, and total pressure p of the gas, the partial 
pressure p, of the radiating species, and the radius L of the hemisphere. 

Results for the emissivity of water vapor are plotted in Figure 13.16 as a function of the 
gas temperature, for a total pressure of 1 atm, and for different values of the product of 
the vapor partial pressure and the hemisphere radius. To evaluate the emissivity for total 
pressures other than | atm, the emissivity from Figure 13.16 must be multiplied by the cor- 
rection factor C,, from Figure 13.17. Similar results were obtained for carbon dioxide and 
are presented in Figures 13.18 and 13.19. 

The foregoing results apply when water vapor or carbon dioxide appear separately in a 
mixture with other species that are nonradiating. However, the results may readily be 
extended to situations in which water vapor and carbon dioxide appear together in a mixture 
with other nonradiating gases. In particular, the total gas emissivity may be expressed as 


= By reg — Ae (13.38) 
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p,,L = 0.005 ft-atm 


FicurE 13.16 Emissivity of water vapor in a mixture with nonradiating 
gases at 1-atm total pressure and of hemispherical shape [13]. Used with 


permission. 


Pwh = 
0-0.05 ft-atm 


o 9O 


Pressure correction, C,, 


9° 
iN 


0.2 
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Ficur—E 13.17 Correction factor for obtaining water vapor emissivities at 
pressures other than (€,,,,41am = Cy€v,p=lam) [13]. Used with permission. 
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pL = 4.0 ft-atm 


300 600 900 1200 1500 1800 2100 
Gas temperature, T, (K) 


Ficure 13.18 Emissivity of carbon dioxide in a mixture with nonradi- 
ating gases at 1-atm total pressure and of hemispherical shape [13]. Used 


with permission. 
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Ficure 13.19 Correction factor for obtaining carbon dioxide emissivities at pressures other 
than 1 atm (€,.,41am = Cc&e,p=1am) [13]. Used with permission. 
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i, 2 930°C 
L (py, + P.) = 
5 ft-atm 


Ur, 2 IASC, 
L (py + Pe) = 
5 ft-atm 


Ie, = 540°C 
L (py +P) = 
5 ft-atm 


Mixture correction, Aé 


0 02 04 06 08 100 02 04 06 08 1.0 


Pw Pw 
Pe - Pw Pe + Py 


Ficure 13.20 Correction factor associated with mixtures of water vapor and carbon dioxide 
[13]. Used with permission. 


where the correction factor Ae is presented in Figure 13.20 for different values of the gas 
temperature. This factor accounts for the reduction in emission associated with the mutual 
absorption of radiation between the two species. 

Recall that the foregoing results provide the emissivity of a hemispherical gas mass of 
radius L radiating to an element of area at the center of its base. However, the results may 
be extended to other gas geometries by introducing the concept of a mean beam length, L,. 
The quantity was introduced to correlate, in terms of a single parameter, the dependence of 
gas emissivity on both the size and the shape of the gas geometry. It may be interpreted as 
the radius of a hemispherical gas mass whose emissivity is equivalent to that for the geom- 
etry of interest. Its value has been determined for numerous gas shapes [13], and represen- 
tative results are listed in Table 13.4. Replacing L by L, in Figures 13.16 through 13.20, the 
emissivity associated with the geometry of interest may then be determined. 

Using the results of Table 13.4 with Figures 13.16 through 13.20, it is possible to 
determine the rate of radiant heat transfer to a surface due to emission from an adjoining 
gas. This heat rate may be expressed as 


q=6€,AoT? (13.39) 


TABLE 13.4 Mean Beam Lengths L, for Various Gas Geometries 


Characteristic 
Geometry Length L, 
Sphere (radiation to surface) Diameter (D) 0.65D 
Infinite circular cylinder (radiation to curved surface) Diameter (D) 0.95D 
Semi-infinite circular cylinder (radiation to base) Diameter (D) 0.65D 
Circular cylinder of equal height and Diameter (D) 0.60D 
diameter (radiation to entire surface) 

Infinite parallel planes (radiation to planes) Spacing between planes (L) 1.80L 
Cube (radiation to any surface) Side (L) 0.66L 
Arbitrary shape of volume V (radiation to Volume to area ratio (V/A) 3.6V/A 


surface of area A) 
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where A, is the surface area. If the surface is black, it will, of course, absorb all this radia- 
tion. A black surface will also emit radiation, and the net rate at which radiation is 
exchanged between the surface at T, and the gas at T, is 


Aner = A,o(E,T; — aT? (13.40) 


For water vapor and carbon dioxide the required gas absorptivity a, may be evaluated from 
the emissivity by expressions of the form [13] 


Water: 
i, 0.45 T 
ay = C, _ x Ey is Pw L, = (13.41) 
q, I, 
Carbon dioxide: 
I, 0.65 TT 
=C.(— xX e.| T, p.b.— 13.42 
Qa. c T, E. Ss De é tie ( ) 


where ¢,, and e, are evaluated from Figures 13.16 and 13.18, respectively, and C,, and C, 
are evaluated from Figures 13.17 and 13.19, respectively. Note, however, that in using Fig- 
ures 13.16 and 13.18, T, is replaced by T, and p,,L, or p.L, is replaced by p,,L,(7,/T,) or 
p-LAT,/T,), respectively. Note also that, in the presence of both water vapor and carbon 
dioxide, the total gas absorptivity may be expressed as 


=a, -ra,— Aa (13.43) 


where Aw = Ae is obtained from Figure 13.20. 


13.7 Summary 


In this chapter we focused on the analysis of radiation exchange between the surfaces of an 
enclosure, and in treating this exchange we introduced the concept of a view factor. 
Because knowledge of this geometrical quantity is essential to determining radiation 
exchange between any two diffuse surfaces, you should be familiar with the means by 
which it may be determined. You should also be adept at performing radiation calculations 
for an enclosure of isothermal, opaque, diffuse, and gray surfaces of uniform radiosity and 
irradiation. Moreover, you should be familiar with the results that apply to simple cases 
such as an enclosure of black surfaces, a two-surface enclosure, or a three-surface enclo- 
sure with a reradiating surface. Finally, be cognizant that in situations where the radiosity 
and irradiation distributions are nonuniform, it may be necessary to perform a radiation 
exchange analysis involving many surfaces in order to determine local surface tempera- 
tures or local heat fluxes. 
Test your understanding of pertinent concepts by addressing the following questions. 


¢ What is a view factor? What assumptions are typically associated with computing the 
view factor between two surfaces? 
¢ What is the reciprocity relation for view factors? What is the summation rule? 
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¢ Can the view factor of a surface with respect to itself be nonzero? If so, what kind of 
surface exhibits such behavior? 
¢ What is a nonparticipating medium? 


¢ What assumptions are inherent in treating radiation exchange between surfaces of an 


enclosure that may not be approximated as blackbodies? Comment on the validity of 
the assumptions and when or where they are most likely to break down. 


* How is the radiative resistance of a surface in an enclosure defined? What is the driving 


potential that relates this resistance to the net rate of radiation transfer from the surface? 
What is the resistance if the surface may be approximated as a blackbody? 


* How is the geometrical resistance associated with radiative exchange between two sur- 


faces of an enclosure defined? What is the driving potential that relates this resistance to 
the net rate of radiation transfer between the surfaces? 


e¢ What is a radiation shield and how is net radiation transfer between two surfaces 


affected by an intervening shield? Is it advantageous for a shield to have a large surface 
absorptivity or reflectivity? 


¢ What is a reradiating surface? Under what conditions may a surface be approximated 


as reradiating? What is the relation between radiosity, blackbody emissive power, and 
irradiation for a reradiating surface? Does the temperature of such a surface depend on 
its radiative properties? 


¢ What can be said about a surface of an enclosure for which net radiation heat transfer to 


the surface is balanced by convection heat transfer from the surface to a gas in the 
enclosure? Is the surface reradiating? Is the back side of the surface adiabatic? 


¢ Consider a surface in an enclosure for which net radiation transfer from the surface 


exceeds convection heat transfer from a gas in the enclosure. What other process or 
processes must occur at the surface, either independently or collectively? 


¢ What molecular features render a gas nonemitting and nonabsorbing? What features 


allow for emission and absorption of radiation by a gas? 


¢ What features distinguish emission and absorption of radiation by a gas from that of an 


opaque solid? 


¢ How does the intensity of radiation propagating through a semitransparent medium 


vary with distance in the medium? What can be said about this variation if the absorp- 
tion coefficient is very large? If the coefficient is very small? 
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Problems 


View Factors (f) Hemisphere—disk arrangement 


13.1 Determine F, and F, for the following configurations 
using the reciprocity theorem and other basic shape fac- 
tor relations. Do not use tables or charts. 


+A, disk, 
diameter D/2 
(a) Long duct (f) 


(g) Long, open channel 
lm A, 
A, 


2 m—->| 
(g) 


(b) Small sphere of area A, under a concentric hemi- hy Done conecntaie cylinders 


sphere of area A, = 2A, 
ay 


13.2 Consider the following grooves, each of width W, that 
have been machined from a solid block of material. 


(d) Long inclined plates (point B is directly above the 
center of A,) 


B Semicircular Rectangular V groove 
groove groove 
100 mm F i é 
A Ay (a) For each case obtain an expression for the view 
d factor of the groove with respect to the surround- 
—— 200 mm ——+| ings outside the groove. 
(d) 


(b) For the V groove, obtain an expression for the view 


(ch Sohereiytue Gn inhi piane factor F\, where A, and A, are opposite surfaces. 
(c) If H = 2W in the rectangular groove, what is the 


A, view factor F'}7? 


13.3 Derive expressions for the view factor F, associated 
(e) with the following arrangements. Express your results 
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in terms of A,, A, and any appropriate hypothetical sur- 
face area, as well as the view factor for coaxial parallel 
disks (Table 13.2, Figure 13.5). 


a 


| 
| 
| 

+ 


(a) (b) 


(a) A circular disk and a coaxial, ring-shaped disk. 


(b) A circular disk and a coaxial, right-circular cone. 
Sketch the variation of F,, with 6 for 0 = 6 = 7/2, 
and explain the key features. 


13.4 A right-circular cone and a right-circular cylinder of the 
same diameter and length (A,) are positioned coaxially at 
a distance L, from the circular disk (A,) shown schemati- 
cally. The inner base and lateral surfaces of the cylinder 
may be treated as a single surface, Aj. The hypothetical 
area corresponding to the opening of the cone and cylin- 
der is identified as A3. 


~«— D3—>| 


<—— D, ——>| 


(a) Right-circular cone 


k—— D, ——+| 
(b) Right-circular cylinder 


(a) Show that, for both arrangements, F,, = (A,/A>)F\3 
and Fj, = 1 — (A,/A,), where F’); is the view factor 
between two coaxial, parallel disks (Table 13.2). 

(b) For L = L, = 50mm and D, = D; = 50mm, cal- 
culate F',, and F,, for the conical and cylindrical 
configurations and compare their relative magni- 
tudes. Explain any similarities and differences. 


(c) Do the relative magnitudes of F,, and F,, change 
for the conical and cylindrical configurations as L 
increases and all other parameters remain fixed? In 
the limit of very large L, what do you expect will 
happen? Sketch the variations of Fj, and Fj) with 
L, and explain the key features. 
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13.5 Consider the two parallel, coaxial, ring-shaped disks 
shown schematically. 


Show that F,, can be expressed as 
1 
Fy = A, {Aa3)Faay24) - A3F 32,4) a Ag(Faq3) _ F,3)} 
1 


where all view factors on the right-hand side of the 
equation can be evaluated from Figure 13.5 or Table 
13.2 for coaxial parallel disks. 


13.6 The “‘crossed-strings” method of Hottel [13] provides a 
simple means to calculate view factors between sur- 
faces that are of infinite extent in one direction. For two 
such surfaces (a) with unobstructed views of one 
another, the view factor is of the form 


1 


Fp= Wi [(ac + bd) — (ad + bc)| 


2 


k— 4 m—+!| lm 


Im #—4 m—>| 


ce, d CA Ay 
aa ee oe Ag fas t qT a: 
~~ \ 


k 4m > 4m >| 


Use this method to evaluate the view factors F,. for 
sketches (b) through (e). Compare your results with those 
from using the appropriate graphs, analytical expressions, 
and view factor relations. 


13.7 Consider the right-circular cylinder of diameter D, 
length L, and the areas A,, A,, and A; representing the 
base, inner, and top surfaces, respectively. 


a Problems 


(a) Show that the view factor between the base of the 
cylinder and the inner surface has the form 
Fy, = 2H[(1 + H’)!? — H], where H = L/D. 


(b) Show that the view factor for the inner surface to 
itself has the form F>, = 1 + H — (1 + A’)!”. 


13.8 Consider the parallel rectangles shown schematically. 


Show that the view factor F,, can be expressed as 
1 
Fy= 7A. [Ag aPu23) ~ Ais — AgF 4] 
1 


where all view factors on the right-hand side of the 
equation can be evaluated from Figure 13.4 (see Table 
13.2) for aligned parallel rectangles. 


13.9 Consider the perpendicular rectangles shown schemat- 


ically. 


(a) Determine the shape factor F'). 


(b) | For rectangle widths of X = 0.5, 1.5, and 5 m, plot 
Fi, as a function of Z, for 0.05 = Z,=0.4m. 
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Compare your results with the view factor obtained 
from the two-dimensional relation for perpendicu- 
lar plates with a common edge (Table 13.1). 


13.10 The reciprocity relation, the summation rule, and 
Equations 13.5 to 13.7 can be used to develop view 
factor relations that allow for applications of Figure 
13.4 and/or 13.6 to more complex configurations. 
Consider the view factor F\, for surfaces 1 and 4 of 
the following geometry. These surfaces are perpendic- 
ular but do not share a common edge. 


(a) Obtain the following expression for the view 
factor F\4: 


1 
Fyy= A. [(A; + Ap) Fu2,4) + Ark 23 
1 


~~ (A, + Az) F1.2)3 — ApFx3,4)] 


(b) If L, = L, = Ly = (W/2) and L; = W, what is the 
value of F\4? 


13.11 Determine the shape factor, F,,, for the rectangles 
shown. 


(a) Perpendicular rectangles 
without a common edge. 


(b) Parallel rectangles of 
unequal areas. 


13.12 Consider parallel planes of infinite extent normal to 
the page as shown in the sketch. 
(a) Determine F’', using the results of Figure 13.4. 
(b) Determine F’',, using the first case of Table 13.1. 


(c) Determine F;, using Hottel’s crossed-string method 
described in Problem 13.6. 


(d) Determine Fy using the second case of Table 13.1. 
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13.14 


13.15 
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(e) Determine F,, using the results of Figure 13.4 if 
the dimensions are increased to w = L = 2m. 


je w= 1m ———-+| 


Consider the parallel planes of infinite extent normal 
to the page having opposite edges aligned as shown in 
the sketch. 


¢—_— 2 m ———_>| 


L$ 2m >| 


(a) Using appropriate view factor relations and the 
results for opposing parallel planes, develop an 
expression for the view factor F5. 


(b) Use Hottel’s crossed-string method described in 
Problem 13.6 to determine the view factor. 


Consider two diffuse surfaces A, and A, on the inside 
of a spherical enclosure of radius R. Using the follow- 
ing methods, derive an expression for the view factor 
Fy in terms of A, and R. 


Spherical 
surface 


(a) Find F,, by beginning with the expression Fj; = 
Gi=i/Aidi- 

(b) Find F’, using the view factor integral, Equation 13.1. 

As shown in the sketch, consider the disk A, located 


coaxially 1m distant, but tilted 30° off the normal, 
from the ring-shaped disk A). 


Az, Tz = 600 K, €2=0.7 
A,,D,=4mm 


ae 


>» 
30° 


oA, Tm”. 


[ Ty = 400 K 


13.16 


What is the irradiation on A, due to radiation from A), 
which is a diffuse, gray surface with an emissivity of 0.7? 


A heat flux gage of 4-mm diameter is positioned nor- 
mal to and | m from the 5-mm-diameter aperture of a 
blackbody furnace at 1000 K. The diffuse, gray cover 
shield (e = 0.2) of the furnace has an outer diameter 
of 100 mm and its temperature is 350 K. The furnace 
and gage are located in a large room whose walls have 
an emissivity of 0.8 and are at 300 K. 


Furnace, T= 1000 K 
Cover, T, = 350 K, €=0.2 


i; 
ne Aperture, 5-mm diameter 
Im 


Gage, 


4-mm 
= diameter 


(a) What is the irradiation on the gage, G, (W/m’), 
considering only emission from the aperture of 
the furnace? 


(b) What is the irradiation on the gage due to radia- 
tion from the cover and aperture? 


Blackbody Radiation Exchange 


13.17 


13.18 


13.19 


A circular ice rink 25 m in diameter is enclosed by a 
hemispherical dome 35 m in diameter. If the ice and 
dome surfaces may be approximated as blackbodies 
and are at 0 and 15°C, respectively, what is the net 
rate of radiative transfer from the dome to the rink? 


A drying oven consists of a long semicircular duct of 
diameter D = 1m. 


T, = 1200 K 


Ty = 325 K 


«<—— D= 1 m—>| 
Materials to be dried cover the base of the oven while 
the wall is maintained at 1200 K. What is the drying 
rate per unit length of the oven (kg/s-m) if a water- 
coated layer of material is maintained at 325 K during 
the drying process? Blackbody behavior may be 
assumed for the water surface and the oven wall. 


Consider the arrangement of the three black surfaces 
shown, where A, is small compared to Aj or A3. 


a Problems 


Determine the value of F,3. Calculate the net radiation 
heat transfer from A, to A; if A, = 0.05 m’, T, = 1000 K, 
and T; = 500 K. 


A long, V-shaped part is heat treated by suspending it 
in a tubular furnace with a diameter of 2 m and a wall 
temperature of 1000 K. The “vee” is 1-m long on a 
side and has an angle of 60°. 


Furnace, 7,, = 1000 K, 
D=2m 


Part, 7, = 300 K 


If the wall of the furnace and the surfaces of the part 
may be approximated as blackbodies and the part is 
at an initial temperature of 300 K, what is the net 
rate of radiation heat transfer per unit length to the 
part? 


Consider coaxial, parallel, black disks separated a dis- 
tance of 0.20m. The lower disk of diameter 0.40 m 
is maintained at 500K and the surroundings are at 
300 K. 


une '°°'*" 
L.__'9.20 me 


0.20m 
500 K \ 
0.40 m >| 
t 


What temperature will the upper disk of diameter 
0.20 m achieve if electrical power of 17.5 W is sup- 
plied to the heater on the back side of the disk? 


Rework Problem 13.21 but with both disks having 
diameter D = 0.20 m. Next, consider the coaxial disks 
to be replaced by aligned squares of length X on a side 
so that X* = a D*/4. Using a software package such 
as IHT, graph the upper square and disk temperatures 
over the range 0 < L = 1 m, where L is the separation 
distance between the surfaces. 


A tubular heater with a black inner surface of uniform 
temperature T, = 1000 K irradiates a coaxial disk. 


D, = 100 mm 
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a Insulation 


| Heater surface, 7, 


Disk 


D,=50 mm 


ee = 100 mm—*<—L, = 100 mm 


(a) Determine the radiant power from the heater 
which is incident on the disk, g,,,. What is the 
irradiation on the disk, G,? 


(b) | For disk diameters of D, = 25, 50, and 100 mm, 


plot g,.,; and G, as a function of the separation 
distance L, for 0 = L, = 200 mm. 


13.24 A circular plate of 500-mm diameter is maintained at 


T, = 600K and is positioned coaxial to a conical 
shape. The back side of the cone is well insulated. The 
plate and the cone, whose surfaces are black, are 
located in a large, evacuated enclosure whose walls 
are at 300 K. 


Cone with 
insulated 
back side 
ry 
Surroundings 
= 300 K ; 
L=500 mm 
«— D = 500 mm——+| 
T, = 600 K i 
oF 
Plate with 


i electrical heater 


(a) What is the temperature of the conical surface, T,? 


(b) What is the electrical power that would be 
required to maintain the circular plate at 600 K? 


13.25 Two furnace designs, as illustrated and dimensioned in 


Problem 13.4, are used to heat a disk-shaped work 
piece (A,). The power supplied to the conical and 
cylindrical furnaces (A,) is 50 W. The work piece is 
located in a large room at a temperature of 300 K, and 
its back side is well insulated. Assuming all surfaces 
are black, determine the temperature of the work piece, 
T,, and the temperature of the furnace inner surface, 
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T>, for each of the designs. In your analysis, use the 
expressions provided in Problem 13.4 for the view 
factors, F,; and Fy. 


A furnace is constructed in three sections, which 
include insulated circular (2) and cylindrical (3) sec- 
tions, as well as an intermediate cylindrical section (1) 
with embedded electrical resistance heaters. The over- 
all length and diameter are 200mm and 100mm, 
respectively, and the cylindrical sections are of equal 
length. The surroundings are at 0 K. 


13.27 


(a) If all the surfaces are black, determine the electri- 
cal power, g,, required to maintain the heated sec- 


tion at 1000 K. 


What are the temperatures of the insulated sec- 
tions, T, and 73? 


(b) 


(c) | For D = 100 mm, generate a plot of q,, T>, and T; 


as functions of the length-to-diameter ratio, with 
1=L/Ds5. 


To enhance heat rejection from a spacecraft, an engi- 
neer proposes to attach an array of rectangular fins to 
the outer surface of the spacecraft and to coat all sur- 
faces with a material that approximates blackbody 
behavior. 


“ space, T,,, =O K 
WwW 


<i 
L 


Consider the U-shaped region between adjoining fins 
and subdivide the surface into components associated 
with the base (1) and the side (2). Obtain an expres- 
sion for the rate per unit length at which radiation is 
transferred from the surfaces to deep space, which 


13.28 


13.29 


13.30 


13.31 


may be approximated as a blackbody at absolute zero 
temperature. The fins and the base may be assumed to 
be isothermal at a temperature T. Comment on your 
result. Does the engineer’s proposal have merit? 


Determine the temperatures of surfaces 1 through 4 of 
the furnace cavity of Example 13.3 if the entire fur- 
nace experiences a uniform heat flux corresponding to 
a total power of 1522 W. 


A cylindrical cavity of diameter D and depth L is 
machined in a metal block, and conditions are such 
that the base and side surfaces of the cavity are main- 
tained at T, = 1000K and T, = 700K, respectively. 
Approximating the surfaces as black, determine the 
emissive power of the cavity if L = 20mm and 
D= 10mm. 


In the arrangement shown, the lower disk has a diame- 
ter of 30 mm and a temperature of 500 K. The upper 
surface, which is at 1000 K, is a ring-shaped disk with 
inner and outer diameters of 0.15 m and 0.2 m. This 
upper surface is aligned with and parallel to the lower 
disk and is separated by a distance of 1 m. 


D,=0.2 m ———>| 
i D,;= 0.15 m | 
= “9 
; Ring-shaped disk, 


Ap, T> = 1000 K 


i" Disk, A;, T; = 500 K 


Assuming both surfaces to be blackbodies, calculate 
their net radiative heat exchange. 


Two plane coaxial disks are separated by a distance 
L = 0.20 m. The lower disk (A,) is solid with a diame- 
ter D, = 0.80 m and a temperature 7, = 300 K. The 
upper disk (A,), at temperature T, = 1000 K, has the 
same outer diameter but is ring-shaped with an inner 
diameter D; = 0.40 m. 
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Assuming the disks to be blackbodies, calculate the 
net radiative heat exchange between them. 


13.32 A radiometer views a small target (1) that is being 
heated by a ring-shaped disk heater (2). The target 
has an area of A, = 0.0004 m’, a temperature of 7, = 
500 K, and a diffuse, gray emissivity of e, = 0.8. The 
heater operates at T, = 1000K and has a black sur- 
face. The radiometer views the entire sample area with 
a solid angle of w = 0.0008 sr. 


Laser beam, 
G, (W/m?) 


A fine-wire thermocouple attached to the surface indi- 

Radiometer cates a temperature rise of 10.1°C when a laser beam 
is incident upon the meter. What is the radiant flux of 
the laser beam, G, (W/m)? 


13.34 An electrically heated sample is maintained at a sur- 
face temperature of T, = 500 K. The sample coating is 
diffuse but spectrally selective, with the spectral emis- 
sivity distribution shown schematically. The sample is 


Ke Beteon irradiated by a furnace located coaxially at a distance 
= of Ly = 750mm. The furnace has isothermal walls 
' beaiea A: with an emissivity of ¢,= 0.7 and a uniform tempera- 

T> = 1000 K, €,=1 ture of 7;=3000K. A radiation detector of area 


A,=8X10°m is positioned at a distance of 
Lg = 1.0m from the sample along a direction that is 
45° from the sample normal. The detector is sensitive 
Sample, A, = 0.0004 m? to spectral radiant power only in the spectral region 
T, = 500 K, €, = 0.8 from 3 to 5 wm. The sample surface experiences con- 
vection with a gas for which T,,= 300K and 
h =20W/m*:K. The surroundings of the sample 


(a) Write an SADT ERS IOR for the radiant Pee leaving mount are large and at a uniform temperature of 
the target which is collected by the radiometer, in T..= 300K 
sur * 


terms of the target radiosity J; and relevant geo- 
metric parameters. Leave in symbolic form. | 


L=0.25m 


‘ : eo . Furnace, 
(b) Write an expression for the target radiosity J, in isothermal walls 
terms of its irradiation, emissive power, and & = 0.7 
appropriate radiative properties. Leave in sym- —_|— 
bolic form. | \-1;= 3000 k, 
(c) Write an expression for the irradiation on the tar- x Dee 25mm ff 
get, G,, due to emission from the heater in terms % 
ne Le¢ = 750 mm Lg = 1m 
of the heater emissive power, the heater area, and 
an appropriate view factor. Use this expression to Inert 
numerically evaluate Gy). Gas 8, = “2 ae 
(d) Use the foregoing expressions and results to T., = 300 K - 7 
determine the radiant power collected by the h= 20 Wim™K Pe « 
radiometer. ye T, = 500 K 02 
D,= 20mm, & ‘ 
13.33 A meter to measure the power of a laser beam is con- Pe Sample mount with 4 
structed with a thin-walled, black conical cavity that is electrical heater 2 (um) 


well insulated from its housing. The cavity has an 

opening of D = 10mm and a depth of L = 12mm. 

The meter housing and surroundings are at a tempera- (a) Determine the electrical power, P,, required to 
ture of 25.0°C. maintain the sample at T, = 500 K. 


876 


(b) Considering both emission and reflected irradia- 
tion from the sample, determine the radiant power 
that is incident on the detector within the spectral 
region from 3 to 5 wm. 


13.35 The arrangement shown is to be used to calibrate a 
heat flux gage. The gage has a black surface that is 
10mm in diameter and is maintained at 17°C by 
means of a water-cooled backing plate. The heater, 
200 mm in diameter, has a black surface that is main- 
tained at 800 K and is located 0.5m from the gage. 
The surroundings and the air are at 27°C and the con- 
vection heat transfer coefficient between the gage and 
the air is 15 W/mK. 


=> 
Heated plate, T, 


0.5m \ 


| Gage surface 
i r Re Cooling 
\ (<— _ water 


(a) Determine the net radiation exchange between the 
heater and the gage. 


(b) Determine the net transfer of radiation to the gage 
per unit area of the gage. 


(c) What is the net heat transfer rate to the gage per 
unit area of the gage? 


(d) If the gage is constructed according to the 
description of Problem 3.107, what heat flux will 
it indicate? 


13.36 A long, cylindrical heating element of 20-mm diame- 
ter operating at 700K in vacuum is located 40 mm 
from an insulated wall of low thermal conductivity. 


Heater element — 


40 mm 


| | 


SS? 


(a) Assuming both the element and the wall are 
black, estimate the maximum temperature reached 
by the wall when the surroundings are at 300 K. 


WES 
AE SS 
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(b) Calculate and plot the steady-state wall tempera- 
ture distribution over the range —100mm = 
x = 100mm. 


13.37 Water flowing through a large number of long, circu- 
lar, thin-walled tubes is heated by means of hot paral- 
lel plates above and below the tube array. The space 
between the plates is evacuated, and the plate and tube 
surfaces may be approximated as blackbodies. 


rs = 1000 K 


ae flow 
= 300 K fy een = 15mm 
6 OOOOOS 
Vacuum Tr, ~ 1000 K 


(a) Neglecting axial variations, determine the tube 
surface temperature, 7,, if water flows through 
each tube at a mass rate of m= 0.20 kg/s and a 
mean temperature of T,, = 300 K. 


(b)|Compute and plot the surface temperature as a 
function of flow rate for 0.05 = m = 0.25 kg/s. 


13.38 A row of regularly spaced, cylindrical heating ele- 
ments is used to maintain an insulated furnace wall at 
500 K. The opposite wall is at a uniform temperature 
of 300 K. 


Wall, 300 K 
Heating element 


Insulated wall, 500 K 


T PUES a 
Be ER ie ES Se See SE Eo nO 


a mm 10 mm 


06 ose 


The insulated wall experiences convection with air at 
450K and a convection coefficient of 200 W/m? K. 
Assuming the walls and elements are black, estimate 
the required operating temperature for the elements. 


13.39 A manufacturing process calls for heating long copper 
rods, which are coated with a thin film having ¢ = 1, 
by placing them in a large evacuated oven whose sur- 
face is maintained at 1650 K. The rods are of 10-mm 
diameter and are placed in the oven with an initial 
temperature of 300 K. 


(a) What is the initial rate of change of the rod 
temperature? 


(b)|How long must the rods remain in the oven to 
achieve a temperature of 1000 K? 


(c) |The heating process may be accelerated by rout- 
ing combustion gases, also at 1650 K, through the 
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oven. For convection coefficients of 10, 100, and (b) Determine the radiation per unit length incident 
500 W/m*:K, determine the time required for the upon the product at x = 0.5m and x = 1m for 
rods to reach 1000 K. a = 7/15. Hint: The view factor from the cylin- 
13.40 Consider the very long, inclined black surfaces (A,, A>) ci ae aa Bude “suemousdings can Be 
bod . found by summing the view factors from the 
maintained at uniform temperatures of T, = 1000K : 
_ cylinder to the two surfaces shown as red dashed 
and T, = 800K. eam : 
lines in the schematic. 
«\ Two-Surface Enclosures 
/ 
Az, T2—f Toon 13.42 Consider two very large parallel plates with diffuse, 
/ gray surfaces. 
if: 
/ 
Ay T= i L 
; (7, = 1000K, ¢,=1 
[— T> = 500 K, €, = 0.8 
= ae 


Determine the irradiation and radiosity for the upper 
plate. What is the radiosity for the lower plate? What 
is the net radiation exchange between the plates per 
unit area of the plates? 


Determine the net radiation exchange between the 
surfaces per unit length of the surfaces. Consider 
the configuration when a black surface (A3), whose 
back side is insulated, is positioned along the dashed 
line shown. Calculate the net radiation transfer to sur-- 43.43 A flat-bottomed hole 6mm in diameter is bored to a 


face A, per unit length of the surface and determine depth of 24mm in a diffuse, gray material having an 
the temperature of the insulated surface A3. emissivity of 0.8 and a uniform temperature of 
13.41 Many products are processed in a manner that requires 1000 K. 

a specified product temperature as a function of time. (a) Determine the radiant power leaving the opening 
Consider a product in the shape of long, 10-mm- of the cavity. 

diameter cylinders that are conveyed slowly through a (b) The effective emissivity ¢, of a cavity is defined 
PROCES sil LCI as shown in the schematic. The prod- as the ratio of the radiant power leaving the cavity 
uct exhibits near-black behavior and is attached to the to that from a blackbody having the area of the 
conveying apparatus at the product’s ends. The sur- cavity opening and a temperature of the inner sur- 
roundings are at 300K, while the radiation panel faces of the cavity. Calculate the effective emis- 
heaters are each isothermal at 500 K and have surfaces sivity of the cavity described above 


that exhibit near-black behavior. An engineer pro- 
poses a novel oven design with a tilting top surface so 
as to be able to quickly change the thermal response of 
the product. 


(c) If the depth of the hole were increased, would e, 
increase or decrease? What is the limit of ¢, as the 
depth increases? 


13.44 Consider a double-pane window. The glass surface may 

ae pee be treated with a low-emissivity coating to reduce its 
~ ery emissivity from ¢ = 0.95 to « = 0.05. Determine the 

radiation heat flux between two glass sheets for case 1: 


i Infrared ' 
i panel heaters . aps €,; = &) = 0.95, case 2: €; = €) = 0.05, and case 3: 
Rove o : €, = 0.05, €,= 0.95. The glass temperatures are 
7 i i i i T, = 20°C and T, = 0°C, respectively. 
@) ————————$<— a 13.45 Consider a long V groove 10 mm deep machined on a 
<< L= 2m ———» block that is maintained at 1000 K. 
1 b=40mm 
a Conveyor aia: 
(a) Determine the radiation per unit length incident | ohn 
upon the product at x= 0.5m and x= 1m for { 


a=0. 
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If the groove surfaces are diffuse and gray with an 
emissivity of 0.6, determine the radiant flux leaving the 
groove to its surroundings. Also determine the effective 
emissivity of the cavity, as defined in Problem 13.43. 


In Problems 12.20 and 12.25, we estimated the earth’s 
surface temperature, assuming the earth is black. Most 
of the earth’s surface is water, which has a hemispher- 
ical emissivity of ¢ = 0.96. In reality, the water sur- 
face is not flat but has waves and ripples. 


(a) Assuming the wave geometry can be closely 
approximated as two-dimensional and as shown 
in the schematic, determine the effective emissiv- 
ity of the water surface, as defined in Problem 
13.43, for a = 37/4. 


Calculate and plot the effective emissivity of the 
water surface, normalized by the hemispherical 
emissivity of water (€,/e) over the range 7/2 = 


(b) 


a=. 


ae 


> manele 


BOO 


Wave surface 


ax 
a 
ax 


13.47 Consider the cavities formed by a cone, cylinder, and 


sphere having the same opening size (d) and major 
dimension (L), as shown in the diagram. 


a oe 6 
Y O 
oe 


Cone Cylinder Sphere 
(a) Find the view factor between the inner surface of 


each cavity and the opening of the cavity. 


(b) Find the effective emissivity of each cavity, e,, 
as defined in Problem 13.43, assuming the inner 
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walls are diffuse and gray with an emissivity 
of &,,. 


(c) 


For each cavity and wall emissivities of ¢,, = 0.5, 


0.7, and 0.9, plot e, as a function of the major 
dimension-to-opening size ratio, L/d, over a range 
from | to 10. 


Consider the attic of a home located in a hot climate. 
The floor of the attic is characterized by a width of 
L, = 10m while the roof makes an angle of @ = 30° 
from the horizontal direction, as shown in the schematic. 
The homeowner wishes to reduce the heat load to the 
home by adhering bright aluminum foil (¢, = 0.07) onto 
the surfaces of the attic space. Prior to installation of the 
foil, the surfaces are of emissivity €, = 0.85. 


L,=10m iy >| 
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(a) Consider installation on the bottom of the attic 
roof only. Determine the ratio of the radiation heat 
transfer after to before the installation of the foil. 


Determine the ratio of the radiation heat transfer 
after to before installation if the foil is installed 
only on the top of the attic floor. 


(b) 


Determine the ratio of the radiation heat transfer 
if the foil is installed on both the roof bottom and 
the floor top. 


(c) 


A long, thin-walled horizontal tube 100 mm in diame- 
ter is maintained at 120°C by the passage of steam 
through its interior. A radiation shield is installed 
around the tube, providing an air gap of 10mm 
between the tube and the shield, and reaches a surface 
temperature of 35°C. The tube and shield are diffuse, 
gray surfaces with emissivities of 0.80 and 0.10, 
respectively. What is the radiant heat transfer from the 
tube per unit length? 


A t = 5-mm-thick sheet of anodized aluminum is used 
to reject heat in a space power application. The edge 
of the sheet is attached to a hot source, and the sheet 
is maintained at nearly isothermal conditions at 
T = 300 K. The sheet is not subjected to irradiation. 


(a) Determine the net radiation heat transfer from 
both sides of the 200 mm X 200 mm sheet to deep 
space. 

(b) An engineer suggests boring 3-mm-diameter 
holes through the sheet. The holes are spaced 
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5 mm apart. The interior surfaces of the holes are 
anodized after they are bored. Determine the net 
radiation heat transfer from both sides of the sheet 
to deep space. 
(c) As an alternative design, the 3-mm-diameter flat- 
bottomed holes are not bored completely through 
the sheet but are bored to depths of 2mm on each 
side, leaving a 1-mm-thick web of aluminum sepa- 
rating the bottoms of the holes located on oppo- 
site sides of the sheet. Determine the net radiation 
heat transfer from both sides of the sheet to deep 
space. 


(d) 


Compare the ratio of the net radiation heat trans- 
fer to the mass of the sheet for the three designs. 


Consider the spacecraft heat rejection scheme of Prob- 
lem 13.27, but under conditions for which surfaces 1 
and 2 may not be approximated as blackbodies. 


(a) For isothermal surfaces of temperature T = 325 K 
and emissivity « = 0.7 and a U-section of width 
W = 25mm and length L = 125 mm, determine 
the rate per unit length (normal to the page) at 
which radiation is transferred from a section to 
deep space. 


(b) Explore the effect of the emissivity on the rate of 
heat rejection, and contrast your results with those 
for emission exclusively from the base of the 


section. 


An electronic device dissipating 50 W is attached to 
the inner surface of an isothermal cubical container 
that is 120mm on a side. The container is located 
in the much larger service bay of the space shuttle, 
which is evacuated and whose walls are at 150K. 
If the outer surface of the container has an emissivity 
of 0.8 and the thermal resistance between the surface 
and the device is 0.1 K/W, what are the temperatures 
of the surface and the device? All surfaces of the con- 
tainer may be assumed to exchange radiation with the 
service bay, and heat transfer through the container 
restraint may be neglected. 


A very long electrical conductor 10 mm in diameter is 
concentric with a cooled cylindrical tube 50mm in 
diameter whose surface is diffuse and gray with an 
emissivity of 0.9 and temperature of 27°C. The electri- 
cal conductor has a diffuse, gray surface with an emis- 
sivity of 0.6 and is dissipating 6.0W per meter of 
length. Assuming that the space between the two sur- 
faces is evacuated, calculate the surface temperature 
of the conductor. 


Liquid oxygen is stored in a thin-walled, spherical 
container 0.8 m in diameter, which is enclosed within 


13.55 


13.56 


13.57 


13.58 


13.59 
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a second thin-walled, spherical container 1.2 m in 
diameter. The opaque, diffuse, gray container surfaces 
have an emissivity of 0.05 and are separated by an 
evacuated space. If the outer surface is at 280 K and the 
inner surface is at 95 K, what is the mass rate of oxygen 
lost due to evaporation? (The latent heat of vaporization 
of oxygen is 2.13 X 10° J/kg.) 


Two concentric spheres of diameter D, = 0.8m and 
D, = 1.2m are separated by an air space and have 
surface temperatures of 7, = 400 K and T, = 300 K. 


(a) If the surfaces are black, what is the net rate of 
radiation exchange between the spheres? 


(b) What is the net rate of radiation exchange between 
the surfaces if they are diffuse and gray with 


€,; = 0.5 and e, = 0.05? 

What is the net rate of radiation exchange if D, is 
increased to 20m, with e, = 0.05, e, = 0.5, and 
D, = 0.8 m? What error would be introduced by 
assuming blackbody behavior for the outer sur- 
face (€, = 1), with all other conditions remaining 
the same? 


(c) 


(d) 


For D, = 1.2 m and emissivities of e, = 0.1, 0.5, 


and 1.0, compute and plot the net rate of radiation 
exchange as a function of ¢€, for 0.05 = €, = 1.0. 


Determine the steady-state temperatures of two radia- 
tion shields placed in the evacuated space between 
two infinite planes at temperatures of 600 and 325 K. 
All the surfaces are diffuse and gray with emissivities 
of 0.7. 


Consider two large (infinite) parallel planes that are 
diffuse-gray with temperatures and emissivities of T,, 
€, and T}, €. Show that the ratio of the radiation trans- 
fer rate with multiple shields, N, of emissivity ¢, to 
that with no shields, N = 0, is 


[e, + Ve, — 1] 
L/e, — 1] + M[2/e, — 1] 


12,N _ 
712.0 


[I/e, 4 


where ¢)7,y and q179 represent the radiation heat trans- 
fer rates for N shields and no shields, respectively. 


Consider two large, diffuse, gray, parallel surfaces 
separated by a small distance. If the surface emissivi- 
ties are 0.8, what emissivity should a thin radiation 
shield have to reduce the radiation heat transfer rate 
between the two surfaces by a factor of 10? 


Heat transfer by radiation occurs between two large 
parallel plates, which are maintained at temperatures 
T, and T>, with T,; > T>,. To reduce the rate of heat 
transfer between the plates, it is proposed that they be 
separated by a thin shield that has different emissivi- 
ties on opposite surfaces. In particular, one surface has 
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the emissivity ¢, < 0.5, while the opposite surface has 
an emissivity of 2e,. 


(a) How should the shield be oriented to provide the 
larger reduction in heat transfer between the 
plates? That is, should the surface of emissivity e, 
or that of emissivity 2¢, be oriented toward the 
plate at 7,? 


(b) What orientation will result in the larger value of 
the shield temperature T,? 


The end of a cylindrical liquid cryogenic propellant 
tank in free space is to be protected from external 
(solar) radiation by placing a thin metallic shield in 
front of the tank. Assume the view factor F,, between 
the tank and the shield is unity; all surfaces are diffuse 
and gray, and the surroundings are at 0 K. 


T, Shield, 7, 
= <«<v 
T,= 100K 
ee €) = €9 = 0.05 
esse €,= 0.10 ; 
Gs = 1250 W/m 
<«~v 
<uvy Solar 
irradiation 
Gs 


Find the temperature of the shield 7, and the heat flux 
(W/m’) to the end of the tank. 


At the bottom of a very large vacuum chamber whose 
walls are at 300 K, a black panel 0.1 m in diameter is 
maintained at 77K. To reduce the heat gain to this 
panel, a radiation shield of the same diameter D and 
an emissivity of 0.05 is placed very close to the panel. 
Calculate the net heat gain to the panel. 


Vacuum 
chamber, 
300 K 


‘ Radiation 
shield 


ht 
| L Panel, D, 77K 


A furnace is located next to a dense array of cryogenic 
fluid piping. The ice-covered piping approximates 
a plane surface with an average temperature of 
T, = 0°C and an emissivity of €, = 0.6. The furnace 
wall has a temperature of T; = 200°C and an emissiv- 
ity of e, = 0.9. To protect the refrigeration equipment 
and piping from excessive heat loading, reflective alu- 
minum radiation shielding with an emissivity of 
€, = 0.1 is placed between the piping and the furnace 


wall, as shown in the schematic. Assume all surfaces 
are diffuse-gray. 


Dense piping Furnace wall 

array, Ty = 200°C, er= 0.9 
T, = 0°, | 

& = 0.6 


Installation criterion 
T,y < 30°C 


Ss 
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ieee Radiation shields, N 


€,=0.1 


co 


If the temperature of the shield closest to the piping 
T,y must be less than 30°C, how many radiation 
shields, N, must be installed between the piping and 
the furnace wall? 


A cryogenic fluid flows through a tube 20mm in 
diameter, the outer surface of which is diffuse and 
gray with an emissivity of 0.02 and temperature of 
77K. This tube is concentric with a larger tube of 50- 
mm diameter, the inner surface of which is diffuse and 
gray with an emissivity of 0.05 and temperature of 
300 K. The space between the surfaces is evacuated. 
Determine the heat gain by the cryogenic fluid per unit 
length of the inner tube. If a thin-walled radiation 
shield that is diffuse and gray with an emissivity of 
0.02 (both sides) is inserted midway between the inner 
and outer surfaces, calculate the change (percentage) 
in heat gain per unit length of the inner tube. 


A diffuse, gray radiation shield of 60-mm diameter 
and emissivities of €); = 0.01 and ¢,,, = 0.1 on the 
inner and outer surfaces, respectively, is concentric 
with a long tube transporting a hot process fluid. The 
tube surface is black with a diameter of 20mm. 
The region interior to the shield is evacuated. The 
exterior surface of the shield is exposed to a large 
room whose walls are at 17°C and experiences con- 
vection with air at 27°C and a convection heat transfer 
coefficient of 10 W/m?: K. 


Shield, D> = 60 mm 


E20 
£23 


Heated tube, D) = 20 mm 


Evacuated 


Determine the operating temperature for the inner 
tube if the shield temperature is maintained at 42°C. 
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Enclosures with a Reradiating Surface 
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Consider the three-surface enclosure shown. The lower 
plate (A,) is a black disk of 200-mm diameter and is 
supplied with a heat rate of 10,000 W. The upper plate 
(A), a disk coaxial to A,, is a diffuse, gray surface with 
&) = 0.8 and is maintained at T, = 473 K. The diffuse, 
gray sides between the plates are perfectly insulated. 
Assume convection heat transfer is negligible. 


we— D=0.2m—> 


Ap, Ty = 473 K, &) = 0.8 


A3, T3, insulated 


A,, T,, black surface 


P= 10,000 W 


Determine the operating temperature of the lower 
plate 7, and the temperature of the insulated side T;. 


A furnace has the form of a truncated conical section, 
as shown in the schematic. The floor of the furnace has 
an emissivity of ¢, = 0.7 and is maintained at 1000 K 
with a heat flux of 2200 W/m’. The lateral wall is per- 
fectly insulated with an emissivity of ¢; = 0.3. Assume 
that all the surfaces are diffuse-gray. 


++ D, = 20 mm 


— D, = 40 mm ——> 


(a) Determine the temperature of the upper surface, 
T>, if its emissivity is €, = 0.5. What is the tem- 
perature of the lateral wall, T;? 

(b) Ifconditions for the furnace floor remain unchanged, 

but all surfaces are black instead of diffuse-gray, 

determine 7, and 7;. From the diffuse and black- 
body enclosure analyses, what can you say about 
the influence of €, on your results? 
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Two parallel, aligned disks, 0.4m in diameter and 
separated by 0.1 m, are located in a large room whose 
walls are maintained at 300K. One of the disks is 
maintained at a uniform temperature of 500 K with an 
emissivity of 0.6, while the back side of the second 
disk is well insulated. If the disks are diffuse, gray sur- 
faces, determine the temperature of the insulated disk. 


Coatings applied to long metallic strips are cured by 
installing the strips along the walls of a long oven of 
square cross section. 


= 
sigs 


| 
Heating 
element, 
Tr L 


Thermal conditions in the oven are maintained by a 
long silicon carbide rod (heating element), which is of 
diameter D = 20mm and is operated at T, = 1700 K. 
Each of two strips on one side wall has the same orienta- 
tion relative to the rod (s;=60mm, s, = 20mm, 
L = 80 mm) and is operated at T, = 600 K. All surfaces 
are diffuse and gray with e, = 0.9 and e, = 0.4. Assum- 
ing the oven to be well insulated at all but the strip sur- 
faces and neglecting convection effects, determine the 
heater power requirement per unit length (W/m). 


Long, cylindrical bars are heat-treated in an infrared 
oven. The bars, of diameter D = 50 mm, are placed on 
an insulated tray and are heated with an overhead 
infrared panel maintained at temperature T, = 800 K 
with ¢, = 0.85. The bars are at 7, = 300 K and have 
an emissivity of ¢, = 0.92. 


Panel, 800 K 


Product 


Insulated tray 


(a) For a product spacing of s = 100 mm and a product 
length of L = 1 m, determine the radiation heat flux 
delivered to the product. Determine the heat flux at 
the surface of the panel heater. 
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(b) Plot the radiation heat flux experienced by the (b) What is the temperature of the insulating brick 
product and the panel heater radiation heat flux surface for the prescribed conditions? 


= <4 
Oyet Me talee sa = 4 13.72 The bottom of a steam-producing still of 200-mm 


13.70 A molten aluminum alloy at 900K is poured into a diameter is heated by radiation. The heater, main- 
cylindrical container that is well insulated from large tained at 1000°C and separated 100 mm from the still, 
surroundings at 300 K. The inner diameter of the con- has the same diameter as the still bottom. The still bot- 
tainer is 250 mm, and the distance from the surface of tom and heater surfaces are black. 


the melt to the top of the container is 100 mm. 


| a = 300 K 


—— Vapor 


Molten metal 
T = 900 K, €=0.55 


Water, 100°C 


a l<— = = 

L=100 mm : D=200 mm 
us | 

I 


100 mm , | 


tf =_ Heater, 1000°C 


«—_D = 250 mm >| 
(a) By what factor could the vapor production rate be 
increased if the cylindrical sides (dashed surface) 
were insulated rather than open to the surround- 


ings maintained at 27°C? 


If the oxidized aluminum at the surface of the melt has 
an emissivity of 0.55, what is the net rate of radiation 
heat transfer from the melt? 


13.71 A long, hemicylindrical (1-m radius) shaped furnace (b) |For heater temperatures of 600, 800, and 1000°C, 
used to heat treat sheet metal products is comprised of plot the net rate of radiation heat transfer to the 
three zones. The heating zone (1) is constructed from still as a function of the separation distance over 
a ceramic plate of emissivity 0.85 and is operated at the range from 25 to 100 mm. Consider the cylin- 
1600 K by gas burners. The load zone (2) consists of drical sides to be insulated and all other condi- 
sheet metal products, assumed to be black surfaces, tions to remain the same. 


that are to be maintained at 500 K. The refractory zone 
(3) is fabricated from insulating bricks having an 
emissivity of 0.6. Assume steady-state conditions, dif- 
fuse, gray surfaces, and negligible convection. 


13.73 A long cylindrical heater element of diameter D = 
10 mm, temperature 7, = 1500 K, and emissivity ¢, = 1 
is used in a furnace. The bottom area A, is a diffuse, 
gray surface with ¢, = 0.6 and is maintained at T, = 

Insulating brick (3), 500 K. The side and top walls are fabricated from an 

&3=0.6 insulating, refractory brick that is diffuse and gray with 

Ceramic plate (1) é = 0.9. The length of the furnace normal to the page 


Metal products (2) —4 
T> = 500 K, €)=1 T, = 1600 K, & = 0.85 is very large compared to the width w and height h. 
Furnace walls Heating element, A, 
Tm} é Ty, & 
Beets = Gas h=0.87 m4 4 
Insulating wall — burners + Bottom, A» 
separating zones F T.. € 
22 


(a) What is the heat rate per unit length of the furnace 
(normal to the page) that must be supplied by the Neglecting convection and treating the furnace walls 
gas burners for the prescribed conditions? as isothermal, determine the power per unit length that 
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must be provided to the heating element to maintain 
steady-state conditions. Calculate the temperature of 
the furnace wall. 


A radiative heater consists of a bank of ceramic tubes 
with internal heating elements. The tubes are of diam- 
eter D = 20mm and are separated by a distance 
s = 50mm. A reradiating surface is positioned behind 
the heating tubes as shown in the schematic. Deter- 
mine the net radiative heat flux to the heated material 
when the heating tubes (¢, = 0.87) are maintained at 
1000 K. The heated material (¢,, = 0.26) is at a tem- 
perature of 500 K. 


m 


Heating element 


Reradiating T= 1000 K 


Z Material 
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Ay, T; = 1000 K, g, = 0.33 
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T= 500 K 
€,, = 0.26 


‘m 


Consider a long duct constructed with diffuse, gray 
walls 1 m wide. 


Ap, Ty = 700 K, &) = 0.5 


Ag, Tz, €; = 0.8 


(a) Determine the net radiation transfer from surface 
A, per unit length of the duct. 


(b) Determine the temperature of the insulated sur- 
face A3. 


(c) What effect would changing the value of ¢3 have 
on your result? After considering your assump- 
tions, comment on whether you expect your 
results to be exact. 


The coating on a 1 m X 2m metallic surface is cured 
by placing it 0.5 m below an electrically heated sur- 
face of equivalent dimensions, and the assembly is 
exposed to large surroundings at 300K. The heater 
is well insulated on its top side and is aligned with the 
coated surface. Both the heater and coated surfaces 
may be approximated as blackbodies. During the cur- 
ing procedure, the heater and coated surfaces are 
maintained at 700 and 400 K, respectively. Convec- 
tion effects may be neglected. 


Surroundings 


13.77 


13.78 
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05m Heated surface 


a 


Coated surface 


(a) What is the electrical power, dec, required to 
operate the heater? 


(b) What is ga. if the surfaces are connected with 
reradiating sidewalls? 


(c) 


The facility may be used to cure different surface 


coatings. With the heater still approximated as a 
blackbody, compute and plot g.., as a function of 
the coating’s emissivity for values ranging from 
0.1 to 1.0. Perform the calculations for both open 
and reradiating sides. 


A cubical furnace 2m on a side is used for heat treat- 
ing steel plate. The top surface of the furnace consists 
of electrical radiant heaters that have an emissivity 
of 0.8 and a power input of 1.5 X 10° W. The side- 
walls consist of a well-insulated refractory material, 
while the bottom consists of the steel plate, which has 
an emissivity of 0.4. Assume diffuse, gray surface 
behavior for the heater and the plate, and consider 
conditions for which the plate is at 300 K. What are 
the corresponding temperatures of the heater surface 
and the sidewalls? 


An electric furnace consisting of two heater sections, 
top and bottom, is used to heat treat a coating that is 
applied to both surfaces of a thin metal plate inserted 
midway between the heaters. 


Heater, 2m x 2m, 
800 K, €=0.9 


Plate, ¢=0.6 


Sidewalls, 


400 K, €=0.3 


Heater, 2m x 2m, 
800 K, €=0.9 


The heaters and the plate are 2m X 2m ona side, and 
each heater is separated from the plate by a distance of 
0.5m. Each heater is well insulated on its back side 
and has an emissivity of 0.9 at its exposed surface. The 
plate and the sidewalls have emissivities of 0.6 and 
0.3, respectively. Sketch the equivalent radiation net- 
work for the system and label all pertinent resistances 
and potentials. For the prescribed conditions, obtain 
the required electrical power and the plate temperature. 
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A solar collector consists of a long duct through which 
air is blown; its cross section forms an equilateral tri- 
angle 1 m on a side. One side consists of a glass cover 
of emissivity €, = 0.9, while the other two sides are 
absorber plates with e, = ¢; = 1.0. 


Glass 
cover 
© ©2 7 
Absorber 
€, 7; plates 
E3, T3 


During operation the surface temperatures are known 
to be T, = 25°C, T, = 60°C, and T; = 70°C. What is 
the net rate at which radiation is transferred to the 
cover due to exchange with the absorber plates? 


A frictionless piston of diameter D, = 50mm, thick- 
ness 6 = 10mm, and density p = 8000 kg/m’ is placed 
in a vertical cylinder of total length L = 100 mm. The 
cylinder is bored into a material of very low thermal 
conductivity, and a mass of air M, = 75 X 10°° kg is 
enclosed in the volume beneath the cylinder. The sur- 
roundings are at T,,, = 300 K while the bottom surface 
of the cylinder is maintained at 7,. The emissivity of 
all the surfaces is e = 0.3. 


Toy = 300 K + Piston 
Th» Pps E 


i 
il 
rT 


6=10mm 


Heated surface 
T,,€ 


———e} ep 


D, = 50 mm 


What is the distance between the bottom of the piston 
and the bottom of the cylinder, L,, for T; = 300, 450, 
and 600K? What is the piston temperature? Hint: 
Neglect convection heat transfer and assume that the 
average air temperature is = (T, + T\)/2. 


The cylindrical peephole in a furnace wall of thick- 
ness L = 250 mm has a diameter of D = 125 mm. The 


furnace interior has a temperature of 1300 K, and the 
surroundings outside the furnace have a temperature 
of 300 K. 


: — Refractory 
urnace material 
interior | 
T, = 1300 kK Surroundings, 
pide Eas Tp = 300 K 
D=125mm 


ke L = 250 mm ->| 


Determine the heat loss by radiation through the 
peephole. 


13.82 A composite wall is comprised of two large plates 


separated by sheets of refractory insulation, as shown 
in the schematic. In the installation process, the sheets 
of thickness L = 50mm and thermal conductivity 
k = 0.05 W/m:K are separated at 1-m intervals by 
gaps of width w = 10mm. The hot and cold plates 
have temperatures and emissivities of 7, = 400°C, 
€,=0.85 and T,= 35°C, ¢,=0.5, respectively. 
Assume that the plates and insulation are diffuse-gray 
surfaces. 


Hot side Gap =e 


k— w= 10 mm 


Cold sided 


ne lm al 


(a) Determine the heat loss by radiation through the 
gap per unit length of the composite wall (normal 
to the page). 

(b) Recognizing that the gaps are located on a 1-m 
spacing, determine what fraction of the total heat 
loss through the composite wall is due to transfer 
by radiation through the insulation gap. 


13.83 A small disk of diameter D, = 50 mm and emissivity 


€, = 0.6 is maintained at a temperature of T, = 900 K. 
The disk is covered with a hemispherical radiation 
shield of the same diameter and an emissivity of 
€) = 0.02 (both sides). The disk and cap are located at 
the bottom of a large evacuated refractory container 
(€, = 0.85), facing another disk of diameter D; = D,, 
emissivity €; = 0.4, and temperature 7; = 400 K. The 
view factor F3; of the shield with respect to the upper 
disk is 0.3. 


a Problems 


(a) Construct an equivalent thermal circuit for the 
above system. Label all nodes, resistances, and 
currents. 


(b) Find the net rate of heat transfer between the hot 
disk and the rest of the system. 


Enclosures: Three or More Surfaces 


13.84 


13.85 


13.86 


Consider a cylindrical cavity of diameter D = 100 mm 
and depth L = 50 mm whose sidewall and bottom are 
diffuse and gray with an emissivity of 0.6 and are at a 
uniform temperature of 1500 K. The top of the cavity is 
open and exposed to surroundings that are large and at 
300 K. 


(a) Calculate the net radiation heat transfer from the 
cavity, treating the bottom and sidewall of the cav- 
ity as one surface (q,). 


Calculate the net radiation heat transfer from the 
cavity, treating the bottom and sidewall of the cav- 
ity as two separate surfaces (qz). 


(b) 


(c) Plot the percentage difference between g, and gp, as 
a function of L over the range 5mm = L = 100 mm. 


Consider a circular furnace that is 0.3m long and 
0.3m in diameter. The two ends have diffuse, gray 
surfaces that are maintained at 400 and 500K with 
emissivities of 0.4 and 0.5, respectively. The lateral 
surface is also diffuse and gray with an emissivity of 
0.8 and a temperature of 800K. Determine the net 
radiative heat transfer from each of the surfaces. 


Consider two very large metal parallel plates. The 
top plate is at a temperature 7T,= 400K while the 
bottom plate is at T, = 300 K. The desired net radiation 
heat flux between the two plates is g” = 330 W/m’. 


13.87 


13.88 


13.89 
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(a) If the two surfaces have the same radiative prop- 
erties, show that the required surface emissivity is 
é=0.5. 


Metal surfaces at relatively low temperatures tend 
to have emissivities much less than 0.5 (see Table 
A.11). An engineer proposes to apply a checker 
pattern, similar to that of Problem 12.132, onto 
each of the metal surfaces so that half of each 
surface is characterized by the low emissivity 
of the bare metal and the other half is covered 
with the high-emissivity paint. If the average of 
the high and low emissivities is 0.5, will the net 
radiative heat flux between the surfaces be the 
desired value? 


(b) 


Two convex objects are inside a large vacuum enclo- 
sure whose walls are maintained at 7; = 300K. The 
objects have the same area, 0).2 m”, and the same emis- 
sivity, 0.2. The view factor from object | to object 2 is 
F\y = 0.3. Embedded in object 2 is a heater that gen- 
erates 400 W. The temperature of object | is main- 
tained at 7, = 200K by circulating a fluid through 
channels machined into it. At what rate must heat be 
supplied (or removed) by the fluid to maintain the 
desired temperature of object 1? What is the tempera- 
ture of object 2? 


Consider the diffuse, gray, four-surface enclosure 
with all sides equal as shown. The temperatures of 
three surfaces are specified, while the fourth surface 
is well insulated and can be treated as a reradiating 
surface. Determine the temperature of the reradiat- 
ing surface (4). 


v ® 


T, = 700 K, €,=0.7 
Ty = 500K, €& =0.5 


Tz = 300 K, €,=0.3 


A room is represented by the following enclosure, 
where the ceiling (1) has an emissivity of 0.8 
and is maintained at 40°C by embedded electrical 
heating elements. Heaters are also used to maintain 
the floor (2) of emissivity 0.9 at 50°C. The right wall 
(3) of emissivity 0.7 reaches a temperature of 15°C 
on a cold winter day. The left wall (4) and end walls 
(5A) and (5B) are very well insulated. To simplify 
the analysis, treat the two end walls as a single sur- 
face (5). 
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Determine the initial rate of radiation heat transfer to 
the laboratory in which the oven is placed when the 
oven door is opened. The oven and surroundings tem- 
peratures are T, = 375°C and T,,, = 20°C, respec- 
tively. Treat the oven door as one surface and the 
remaining five interior furnace walls as another. 


13.92 An observation cabin is located in a hot-strip mill 
directly over the line, as shown in the schematic. The 
cabin floor is exposed to a portion of the hot strip that 
is at a temperature of T,, = 920°C and has an emissiv- 
ity of €,, = 0.85, as well as to surroundings within the 
mill (not shown) at a temperature of T,,, = 80°C. To 
protect the operating personnel in the cabin, the floor 
must be maintained at 7; = 50°C. 


Assuming the surfaces are diffuse and gray, find the 
net radiation heat transfer from each surface. 


13.90 A cylindrical furnace for heat-treating materials in a Observation cabin 
spacecraft environment has a 90-mm diameter and an 


overall length of 180mm. Heating elements in the Cabin floor maintained 


135-mm-long section (1) maintain a refractory lining at T= 50°C 
of €, = 0.8 at 800°C. The linings for the bottom (2) and 000 
upper (3) sections are made of the same refractory Tr 


(a) Without shield 


material, but are insulated. 


ooo 
Tp ee 0.6 


~ Shield, ¢, = 0.10 


Portion of steel strip (b) With shield 


seen by cabin floor 


a 


Steel strip 
T., = 920°C, €,, = 0.85 


Ay, T, = 800°C 
€, = 0.8 
Determine the coolant system heat removal rate 
required to maintain the cabin floor at 50°C for the fol- 
lowing conditions: (a) when the floor, with an emis- 
sivity of ¢, = 0.6, is directly exposed to the strip; and 
(b) when a radiation shield of emissivity e, = 0.1 is 


«— L, = 135 mm —-+}eL, => installed between the floor and the strip. 
45 mm 
13.93 A small oven consists of a cubical box of dimension 
Determine the power required to maintain the furnace L = 0.1m, as shown. The floor of the box consists of 
operating conditions with the surroundings at 23°C. a heater that supplies P = 400W. The remaining 


walls lose heat to the surroundings outside the oven, 
which maintains their temperatures at T; = 400K. A 
spherical object of diameter D = 30 mm is placed at 
the center of the oven. Sometime after the sphere is 
placed in the oven, its temperature is T, = 420K. All 
surfaces have emissivities of 0.4. 


13.91 A laboratory oven has a cubical interior chamber 1 m 
on a side with interior surfaces that are of emissivity 
e = 0.85. 


T, 

aw Radiation 
surface 3: 
remaining r— Radiation 
interior surface 1: 
walls, T3, €3 sphere, D,, T,, €, 

L 
Radiation 
surface 2: 
floor Bottom heating: P 
tee CUTTT Tt 
| 
L 
aay — | 


a Problems 


(a) Find the following view factors: F\, F\3, F,, F'3;, 
F'y3, F'32, F'33. 


(b) Determine the temperature of the floor and the net 
rate of heat transfer leaving the sphere due to radi- 
ation. Is the sphere under steady-state conditions? 


Multimode Heat Transfer: Introductory 


13.94 An opaque, diffuse, gray (200mm Xx 200 mm) plate 


with an emissivity of 0.8 is placed over the opening of 
a furnace and is known to be at 400K at a certain 
instant. The bottom of the furnace, having the same 
dimensions as the plate, is black and operates at 
1000 K. The sidewalls of the furnace are well insu- 
lated. The top of the plate is exposed to ambient air 
with a convection coefficient of 25 W/m?:K and to 
large surroundings. The air and surroundings are each 


at 300 K. 
f Ty, = 300 K 


Air —> T_ = 300K 
——> h = 25 Wim*K 


_ —__ 1 


ieee 400 K, €=0.8 


Insulated sidewalls 


Furnace bottom, 
1000 K 


(a) Evaluate the net radiative heat transfer to the bot- 
tom surface of the plate. 


(b) If the plate has mass and specific heat of 2 kg and 
900 J/kg-K, respectively, what will be the change 
in temperature of the plate with time, dT,/dt? 
Assume convection to the bottom surface of the 
plate to be negligible. 


[©] Extending the analysis of part (b), generate a plot 
of the change in temperature of the plate with 
time, dT,,/dt, as a function of the plate temperature 
for 350 = T, = 900K and all other conditions 
remaining the same. What is the steady-state tem- 
perature of the plate? 


13.95 A tool for processing silicon wafers is housed within a 


vacuum chamber whose walls are black and maintained 
by a coolant at T,, = 300K. The thin silicon wafer 
is mounted close to, but not touching, a chuck, which is 
electrically heated and maintained at the temperature T... 


200 mm 


13.96 


13.97 
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The surface of the chuck facing the wafer is black. The 
wafer temperature is T,, = 700 K, and its surface is dif- 
fuse and gray with an emissivity of ¢,, = 0.6. The func- 
tion of the grid, a thin metallic foil positioned coaxial 
with the wafer and of the same diameter, is to control 
the power of the ion beam reaching the wafer. The grid 
surface is black with a temperature of T, = 500 K. The 
effect of the ion beam striking the wafer is to apply a 
uniform heat flux of gi, = 600 W/m’. The top surface 
of the wafer is subjected to the flow of a process gas for 
which T,., = 500 K and h = 10 W/m’*:K. Since the gap 
between the wafer and chuck, 6, is very small, flow of 
the process gas in this region may be neglected. 


;— lon beam generator 


a 


Grid, Ty 


-— Vacuum chamber, 7, = 300 K 


| Gas qib 
Thee 
Gas flow , E > Li Ss 
a a y 
( Wafer Tr 
7 7 y Chuck, T.. A 
1 - T,, 56<«D 
D=200 mm 


(a) Represent the wafer schematically, showing a 
control surface and all relevant thermal processes. 


(b) Perform an energy balance on the wafer and 
determine the chuck temperature T... 


Consider Problem 6.17. The stationary plate, ambi- 
ent air, and surroundings are at T,, = T,,, = 20°C. If 
the rotating disk temperature is T, = 80°C, what 
is the total power dissipated from the disk’s top sur- 
face for g = 2mm, Q = 150 rad/s for the case when 
both the stationary plate and disk are painted with 
Parsons black paint? Over time, the paint on the 
rotating disk is worn off by dust in the air, exposing 
the base metal, which has an emissivity of ¢ = 0.10. 
Determine the total power dissipated from the disk’s 
worn top surface. 


Most architects know that the ceiling of an ice-skating 
rink must have a high reflectivity. Otherwise, conden- 
sation may occur on the ceiling, and water may drip 
onto the ice, causing bumps on the skating surface. 
Condensation will occur on the ceiling when its sur- 
face temperature drops below the dew point of the 
rink air. Your assignment is to perform an analysis to 
determine the effect of the ceiling emissivity on the 
ceiling temperature, and hence the propensity for 
condensation. 
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Outdoor air 


Chapter 13° = Radiation Exchange Between Surfaces 


Insulation, k = 0.035 W/mK, thickness t = 0.3 m 
Ceiling, T.,€ = 0.05 or 0.94 


Walls, 
T,, = 15°C 
Ice, 

D >| Tice = °C 


13.98 


The rink has a diameter of D = 50m and a height of 
L = 10m, and the temperatures of the ice and walls 
are —5°C and 15°C, respectively. The rink air tempera- 
ture is 15°C, and a convection coefficient of 5 W/m?:K 
characterizes conditions on the ceiling surface. The 
thickness and thermal conductivity of the ceiling insu- 
lation are 0.3m and 0.035 W/m:K, respectively, and 
the temperature of the outdoor air is —5°C. Assume 
that the ceiling is a diffuse-gray surface and that the 
walls and ice may be approximated as blackbodies. 


(a) Consider a flat ceiling having an emissivity of 
0.05 (highly reflective panels) or 0.94 (painted 
panels). Perform an energy balance on the ceiling 
to calculate the corresponding values of the ceil- 
ing temperature. If the relative humidity of the 
rink air is 70%, will condensation occur for either 
or both of the emissivities? 


(b) | For each of the emissivities, calculate and plot the 
ceiling temperature as a function of the insulation 
thickness for 0.1 =t= 1m. Identify conditions 


for which condensation will occur on the ceiling. 


Boiler tubes exposed to the products of coal combustion 
in a power plant are subject to fouling by the ash (min- 
eral) content of the combustion gas. The ash forms a 
solid deposit on the tube outer surface, which reduces 
heat transfer to a pressurized water/steam mixture flow- 
ing through the tubes. Consider a thin-walled boiler tube 
(D, = 0.05 m) whose surface is maintained at T, = 600 K 
by the boiling process. Combustion gases flowing over 
the tube at T,, = 1800 K provide a convection coefficient 
of h = 100 W/m*- K, while radiation from the gas and 
boiler walls to the tube may be approximated as that 
originating from large surroundings at T,,, = 1500 K. 


. Ty & Ty, Eq 
; 

gas 

—_ 

A —_ 
T.., A 

Ash 

deposit Dy 
L. 


sur 
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(a) If the tube surface is diffuse and gray, with 
€, = 0.8, and there is no ash deposit layer, what 
is the rate of heat transfer per unit length, g’, to 
the boiler tube? 


(b) If a deposit layer of diameter D, = 0.06m 
and thermal conductivity k = 1 W/m-K forms on 
the tube, what is the deposit surface temperature, 
T,? The deposit is diffuse and gray, with e, = 0.9, 
and T,, T.., h, and T,,, remain unchanged. What 
is the net rate of heat transfer per unit length, gq’, 


to the boiler tube? 


Explore the effect of variations in D, and h on 


(c) 


q', as well as on relative contributions of con- 
vection and radiation to the net heat transfer 
rate. Represent your results graphically. 


Consider two very large parallel plates. The bottom 
plate is warmer than the top plate, which is held at 
a constant temperature of T, = 330K. The plates 
are separated by L = 0.1m, and the gap between 
the two surfaces is filled with air at atmospheric 
pressure. The heat flux from the bottom plate is 
q' = 250 W/m’. 


(a) Determine the temperature of the bottom plate 
and the ratio of the convective to radiative heat 
fluxes for ¢, = €, = 0.5. Evaluate air properties 
at T= 350K. 


(b) Repeat part (a) for ¢, = €, = 0.25 and 0.75. 


Coated metallic disks are cured by placing them at the 
top of a cylindrical furnace whose bottom surface is 
electrically heated and whose sidewall may be approxi- 
mated as a reradiating surface. Curing is accomplished 
by maintaining a disk at T, = 400K for an extended 
period. The electrically heated surface is maintained at 
T, = 800 K and is mounted on a ceramic base material 
of thermal conductivity k = 20 W/m: K. The bottom of 
the base material, as well as the ambient air and large 
surroundings above the disk, are maintained at a tem- 
perature of 300 K. Emissivities of the heater and the 
disk inner and outer surfaces are ¢, = 0.9, €); = 0.5, 
and €,,, = 0.9, respectively. 


Uy 


sur 


= 300 K 


ah 


BT, 


ky, = 20 Wim-K 
T, = 300 K 
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a Problems 


Assuming steady-state operation and neglecting con- 
vection within the cylindrical cavity, determine the 
electrical power that must be supplied to the heater 
and the convection coefficient that must be main- 
tained at the outer surface of the disk in order to sat- 
isfy the prescribed conditions. 


A double-glazed window consists of two panes of 
glass, each of thickness t = 6mm. The inside room 
temperature is T;= 20°C with h; = 7.7 W/m’:K, 
while the outside temperature is T, = —10°C with 
h, = 25 W/m*: K. The gap between the glass sheets 
is of thickness L = 5 mm and is filled with a gas. The 
glass surfaces may be treated with a low-emissivity 
coating to reduce their emissivity from ¢ = 0.95 to 
€ = 0.05. Determine the heat flux through the window 
for case 1: €; = €, = 0.95, case 2: €; = & = 0.05, and 
case 3: €, = 0.05, ¢, = 0.95. Consider either air or 
argon of thermal conductivity k,,= 17.7 X 10° 
W/m: K to be within the gap. Radiation heat transfer 
occurring at the external surfaces of the two glass 
sheets is negligible, as is free convection between the 
glass sheets. 


Electrical conductors, in the form of parallel plates of 
length L = 40mm, have one edge mounted to a 
ceramic insulated base and are spaced a distance 
w = 10mm apart. The plates are exposed to large 
isothermal surroundings at T,,.= 300K. The con- 
ductor (1) and ceramic (2) surfaces are diffuse and 
gray with emissivities of ¢,=0.8 and «= 0.6, 
respectively. For a prescribed operating current in 
the conductors, their temperature is T,; = 500 K. 


Plate 
conductor, (1) 


Ceramic insulated — 
base, (2) 


(a) Determine the electrical power dissipated in a 
conductor plate per unit length, g}, considering 
only radiation exchange. What is the tempera- 
ture of the insulated base, T>? 


(b) Determine gj and T, when the surfaces experi- 
ence convection with an airstream at 300 K and 
a convection coefficient of h = 25 W/m?- K. 
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13.103 The spectral absorptivity of a Jarge diffuse surface is 


a, = 0.9 for A < 1 wm and a, = 0.3 forA = 1 wm. 
The bottom of the surface is well insulated, while the 
top may be exposed to one of two different conditions. 


(a) Incase (a) the surface is exposed to the sun, which 
provides an irradiation of Gs = 1200 W/m, and 
to an airflow for which T., = 300 K. If the surface 
temperature is 7, = 320 K, what is the convection 
coefficient associated with the airflow? 


(b) In case (b) the surface is shielded from the sun 
by a large plate and an airflow is maintained 
between the plate and the surface. The plate is 
diffuse and gray with an emissivity of ¢, = 0.8. 
If T,, = 300 K and the convection coefficient is 
equivalent to the result obtained in part (a), what 
is the plate temperature 7, that is needed to 
maintain the surface at T, = 320 K? 


13.104 A long uniform rod of 50-mm diameter with a ther- 


mal conductivity of 15 W/m-K is heated internally 
by volumetric energy generation of 20kW/m*. The 
rod is positioned coaxially within a larger circular 
tube of 60-mm diameter whose surface is maintained 
at 500°C. The annular region between the rod and the 
tube is evacuated, and their surfaces are diffuse and 
gray with an emissivity of 0.2. 


(a) Determine the center and surface temperatures 
of the rod. 


(b) Determine the center and surface temperatures 
of the rod if atmospheric air occupies the annu- 
lar space. 


(c)| For tube diameters of 60, 100, and 1000 mm 


and for both the evacuated and atmospheric 
conditions, compute and plot the center and 
surface temperatures as a function of equiva- 
lent surface emissivities in the range from 
0.1 to 1.0. 


13.105 The cross section of a long circular tube, which is 


divided into two semicylindrical ducts by a thin wall, 
is shown. 
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T; T; 


Sides 1 and 2 are maintained at temperatures of 
T, = 600K and T, = 400K, respectively, while the 
mean temperatures of gas flows through ducts 1 and 2 
are T,; = 571K and T,, = 449K, respectively. The 
foregoing temperatures are invariant in the axial direc- 
tion. The gases provide surface convection coefficients 
of h, = hy = 5 W/m°*:K, while all duct surfaces may 
be approximated as blackbodies (¢€, = ¢, =é,, = 1). 
What is the duct wall temperature, T,,? By performing 
an energy balance on the gas in side 1, verify that T,, ; is, 
in fact, equal to 571 K. 


Cylindrical pillars similar to those of Problem 4.22 
are positioned between the glass sheets with a pillar- 
to-pillar spacing of W. The inside surface of one 
glass sheet is treated with a low-emissivity coating 
characterized by ¢, = 0.05. The second inner surface 
has an emissivity of €) = 0.95. Determine the ratio 
of conduction to radiation heat transfer through a 
square unit area of dimension W X W for W = 10, 
20, and 30 mm. The stainless steel pillar is located at 
the center of the unit area and has a length of 
L = 0.4mm and diameter of D = 0.15 mm. The con- 
tact resistances and glass temperatures are the same 
as in Problem 4.22. 


A row of regularly spaced, cylindrical heating ele- 
ments (1) is used to cure a surface coating that is 
applied to a large panel (2) positioned below the ele- 
ments. A second large panel (3), whose top surface is 
well insulated, is positioned above the elements. The 
elements are black and maintained at T, = 600K, 
while the panel has an emissivity of ¢, = 0.5 and is 
maintained at T, = 400 K. The cavity is filled with a 
nonparticipating gas and convection heat transfer 
occurs at surfaces 1 and 2, with h, = 10 W/m?-K 
and fh, =2W/m?-K. (Convection at the insulated 
panel may be neglected.) 


SS ys nen er SS RDS nl FIRE 
Ee ealetaN i ienenanle! ede SEs Bice SSS See Sasa 


D=25mm s=50mm 
— 


(a) Evaluate the mean gas temperature, 7, 


m* 

(b) What is the rate per unit axial length at which 
electrical energy must be supplied to each ele- 
ment to maintain its prescribed temperature? 


(c) What is the rate of heat transfer to a portion of 
the coated panel that is 1 m wide by | m long? 


13.108 Applying high-emissivity paints to radiating surfaces 


is a common technique used to enhance heat transfer 
by radiation. 


(a) For large parallel plates, determine the radiation 
heat flux across the gap when the surfaces are at 
T, = 350K, T, = 300 K, ¢, = €2 = €, = 0.85. 

(b) Determine the radiation heat flux when a very 
thin layer of high-emissivity paint, ¢, = 0.98, is 
applied to both surfaces. 


(c) | Determine the radiation heat flux when the paint 
layers are each L = 2 mm thick and the thermal 
conductivity of the paint is k = 0.21 W/m: K. 


(d) Plot the heat flux across the gap for the bare sur- 
face as a function of ¢,, with 0.05 = e, = 0.95. 
Show on the same plot the heat flux for the 
painted surface with very thin paint layers and 
the painted surface with L = 2-mm-thick paint 
layers. 


Multimode Heat Transfer: Advanced 


13.109 Options for thermally shielding the top ceiling of a 


large furnace include the use of an insulating mate- 
rial of thickness L and thermal conductivity k, case 
(a), or an air space of equivalent thickness formed by 
installing a steel sheet above the ceiling, case (b). 
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(a) Develop mathematical models that could be 
used to assess which of the two approaches is 
better. In both cases the interior surface is main- 
tained at the same temperature, 7,;, and the 
ambient air and surroundings are at equivalent 
temperatures (7., = T,,,). 
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(b) If k = 0.090 W/m-K, L = 25mm, h, = 25 
W/m’:K, the surfaces are diffuse and gray with 
€; = €, = 0.50, T,; = 900K, and T., = Ty = 
300 K, what is the outer surface temperature T, , 
and the heat loss per unit surface area associated 
with each option? 


For each case, assess the effect of surface radia- 


(c) 


tive properties on the outer surface temperature 
and the heat loss per unit area for values of 
€; = €, ranging from 0.1 to 0.9. Plot your results. 


The composite insulation shown, which was described 
in Chapter 1 (Problem 1.86e), is being considered as a 
ceiling material. 


air spaces 


It is proposed that the outer and inner slabs be made 
from low-density particle board of thicknesses 
L, = L; = 12.5mm and that the honeycomb core 
be constructed from a high-density particle board. 
The square cells of the core are to have length 
L, = 50mm, width W = 10 mm, and wall thickness 
t= 2mm. The emissivity of both particle boards is 
approximately 0.85, and the honeycomb cells are filled 
with air at 1-atm pressure. To assess the effectiveness 
of the insulation, its total thermal resistance must be 
evaluated under representative operating conditions 
for which the bottom (inner) surface temperature is 
T,; = 25°C and the top (outer) surface temperature 
is T,, = —10°C. To assess the effect of free convection 
in the air space, assume a cell temperature difference of 
20°C and evaluate air properties at 7.5°C. To assess the 
effect of radiation across the air space, assume inner 
surface temperatures of the outer and inner slabs to 
be —5 and 15°C, respectively. 


Hot coffee is contained in a cylindrical thermos bot- 
tle that is of length L = 0.3 m and is lying on its side 
(horizontally). 


mz T>  ~-€,,T, 
Dz D, Coffee 
' ms Air space 
Insulation « L >| 


strip 


13.112 


13.113 


13.114 


891 


The coffee container consists of a glass flask of 
diameter D, = 0.07 m, separated from an aluminum 
housing of diameter D, = 0.08 m by air at atmos- 
pheric pressure. The outer surface of the flask and the 
inner surface of the housing are silver coated to pro- 
vide emissivities of €; = €, = 0.25. If these surface 
temperatures are T, = 75°C and T, = 35°C, what is 
the heat loss from the coffee? 


Consider a vertical, double-pane window for the con- 
ditions prescribed in Problem 9.94. That is, vertical 
panes at temperatures of T, = 22°C and T, = —20°C 
are separated by atmospheric air, and the critical 
Rayleigh number for the onset of convection is 
Ra,,, = 2000. 


(a) What is the conduction heat flux across the air 
gap for the optimal spacing L,, between the 
panes? 

(b) If the glass has an emissivity of ¢, = 0.90, what 

is the total heat flux across the gap? 


(c) What is the total heat flux if a special, low- 
emissivity coating (¢, = 0.10) is applied to one 
of the panes at its air-glass interface? What is 


the total heat flux if both panes are coated? 


Consider the double-pane window of Problem 9.95, 
for which 1 m X 1 m panes are separated by a 25-mm 
gap of atmospheric air. The window panes are approxi- 
mately isothermal and separate quiescent room air 
at T..;= 20°C from quiescent ambient air at 
Las = =20°C. 


(a) For glass panes of emissivity ¢, = 0.90, deter- 
mine the temperature of each pane and the rate 
of heat transfer through the window. 


(b) Quantify the improvements in energy conserva- 
tion that may be effected if the space between 
the panes is evacuated and/or a low emissivity 
coating (¢, = 0.1) is applied to the surface of 


each pane adjoining the gap. 


A flat-plate solar collector, consisting of an absorber 
plate and single cover plate, is inclined at an angle of 
T = 60° relative to the horizontal. 


gi = 900 Wim? 


Air space, p = 1 atm 


Absorber plate, 7, 


892 


13.115 


13.116 


13.117 


Chapter 13. = Radiation Exchange Between Surfaces 


Consider conditions for which the incident solar radi- 
ation is collimated at an angle of 60° relative to the 
horizontal and the solar flux is 900 W/m’. The cover 
plate is perfectly transparent to solar radiation (A = 3 
pm) and is opaque to radiation of larger wave- 
lengths. The cover and absorber plates are diffuse 
surfaces having the spectral absorptivities shown. 


a Absorber 
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The length and width of the absorber and cover plates 
are much larger than the plate spacing L. What is the 
rate at which solar radiation is absorbed per unit area of 
the absorber plate? With the absorber plate well insu- 
lated from below and absorber and cover plate temper- 
atures T, and T,, of 70°C and 27°C, respectively, what is 
the heat loss per unit area of the absorber plate? 


Consider the tube and radiation shield of Problem 
13.49, but now account for free convection in the gap 
between the tube and the shield. 


(a) What is the total rate of heat transfer per unit 
length between the tube and the shield? 


(b)|Explore the effect of variations in the shield 


diameter on the total heat rate, as well as on the 
contributions due to convection and radiation. 


Consider the tube and radiation shield of Problem 
13.49, but now account for free convection in the gap 
between the tube and the shield, as well as for the fact 
that the temperature of the shield may not be arbitrar- 
ily prescribed but, in fact, depends on the nature of 
the surroundings. If the radiation shield is exposed to 
quiescent ambient air and large surroundings, each at 
a temperature of 20°C, what is the temperature of the 
shield? What is the rate of heat loss from the tube per 
unit length? 


Consider the flat-plate solar collector of Problem 
9.98. The absorber plate has a coating for which 
€, = 0.96, and the cover plate has an emissivity of 
€, = 0.92. With respect to radiation exchange, both 
plates may be approximated as diffuse, gray surfaces. 


(a) For the conditions of Problem 9.98, what is the 
rate of heat transfer by free convection from the 
absorber plate and the net rate of radiation 
exchange between the plates? 


(b)| The temperature of the absorber plate varies 


according to the flow rate of the working fluid 
routed through the coiled tube. With all other 


parameters remaining as prescribed, compute 
and plot the free convection and radiant heat 
rates as a function of the absorber plate tempera- 
ture for 50 = T, S 100°C. 


13.118 The lower side of a 400-mm-diameter disk is heated 


by an electric furnace, while the upper side is exposed 
to quiescent, ambient air and surroundings at 300 K. 
The radiant furnace (negligible convection) is of circu- 
lar construction with the bottom surface (¢,; = 0.6) 
and cylindrical side surface (€, = 1.0) maintained at 
T, = T, = 500K. The surface of the disk facing the 
radiant furnace is black (¢,, = 1.0), while the upper 
surface has an emissivity of €,, = 0.8. Assume the 
plate and furnace surfaces to be diffuse and gray. 


r | 
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(a) Determine the net heat transfer rate to the disk, 
Anet.as When T, = 400 K. 

|(b) | Plot Greg aS a function of the disk temperature 
for 300 = T, = 500 K, with all other conditions 
remaining the same. What is the steady-state 
temperature of the disk? 


13.119 The surface of a radiation shield facing a black hot 


wall at 400 K has a reflectivity of 0.95. Attached to the 
back side of the shield is a 25-mm-thick sheet of insu- 
lating material having a thermal conductivity of 
0.016 W/m:K. The overall heat transfer coefficient 
(convection and radiation) at the surface exposed to the 
ambient air and surroundings at 300 K is 10 W/m? K. 
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(a) Assuming negligible convection in the region 
between the wall and the shield, estimate the 
heat loss per unit area from the hot wall. 


(b) 


Perform a parameter sensitivity analysis on the 


insulation system, considering the effects of 
shield reflectivity, o,, and insulation thermal 
conductivity, k. What influence do these parame- 
ters have on the heat loss from the hot wall? 
What is the effect of an increased overall coeffi- 
cient on the heat loss? Show the results of your 
analysis in a graphical format. 


The fire tube of a hot water heater consists of a long 
circular duct of diameter D = 0.07 m and tempera- 
ture T, = 385K, through which combustion gases 
flow at a temperature of T,,,, = 900 K. To enhance 
heat transfer from the gas to the tube, a thin partition 
is inserted along the midplane of the tube. The gases 
may be assumed to have the thermophysical proper- 
ties of air and to be radiatively nonparticipating. 


D +—— Tube, T;, &; 


| Partition, T, &, 


(a) With no partition and a gas flow rate of 
m, = 0.05 kg/s, what is the rate of heat transfer 
per unit length, g’, to the tube? 


(b) For a gas flow rate of m, = 0.05 kg/s and emis- 
sivities of ¢, = €, = 0.5, determine the partition 
temperature 7, and the total rate of heat transfer 


q' to the tube. 


(c) 


For m, = 0.02, 0.05, and 0.08 kg/s and equiva- 


lent emissivities ¢, = €, = €, compute and plot 
T, and q' as a function of ¢ for 0.1 Se = 1.0. 
For m, = 0.05 kg/s and equivalent emissivities, 
plot the convective and radiative contributions 
to q' as a function of e. 


Consider Problem 9.93 with N = 4 sheets of thin alu- 
minum foil (¢;= 0.07), equally spaced throughout 
the 50-mm gap so as to form five individual air gaps, 
each 10 mm thick. The hot and cold surfaces of the 
enclosure are characterized by ¢ = 0.85. 


(a) Neglecting conduction or convection in the air, 
determine the heat flux through the system. 


(b) Accounting for conduction but neglecting radia- 
tion, determine the heat flux through the system. 
The effect of variable properties is important. 
Calculate the air properties for each gap indepen- 


dently, based on the average gap temperature. 
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(c) Accounting for both conduction and radiation, 
determine the heat flux through the system. Calcu- 
late the air properties for each gap independently. 


(d) Is natural convection negligible in part (c)? 
Explain why or why not. 


Consider the conditions of Problem 9.107. Account- 
ing for radiation, as well as convection, across the 
helium-filled cavity, determine the mass rate at 
which gaseous nitrogen is vented from the system. 
The cavity surfaces are diffuse and gray with emis- 
sivities of ¢; = ¢, = 0.3. If the cavity is evacuated, 
how may surface conditions be altered to further 
reduce the evaporation? Support your recommenda- 
tion with appropriate calculations. 


A special surface coating on a square panel that is 
5m xX 5m on a side is cured by placing the panel 
directly under a radiant heat source having the same 
dimensions. The heat source is diffuse and gray and 
operates with a power input of 75 kW. The top surface 
of the heater, as well as the bottom surface of the panel, 
may be assumed to be well insulated, and the arrange- 
ment exists in a large room with air and wall tempera- 
tures of 25°C. The surface coating is diffuse and gray, 
with an emissivity of 0.30 and an upper temperature 
limit of 400 K. Neglecting convection effects, what 
is the minimum spacing that may be maintained 
between the heater and the panel to ensure that the 
panel temperature will not exceed 400 K? Allowing 
for convection effects at the coated surface of the 
panel, what is the minimum spacing? 


A long rod heater of diameter D, = 10 mm and emis- 
sivity €, = 1.0 is coaxial with a well-insulated, semi- 
cylindrical reflector of diameter D, = 1 m. A long panel 
of width W = | m is aligned with the reflector and is 
separated from the heater by a distance of H = 1m. 
The panel is coated with a special paint (€; = 0.7), 
which is cured by maintaining it at 400 K. The panel is 
well insulated on its back side, and the entire system 
is located in a large room where the walls and the 
atmospheric, quiescent air are at 300 K. Heat transfer by 
convection may be neglected for the reflector surface. 
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Sketch the equivalent thermal circuit for the 
system and label all pertinent resistances and 
potentials. 


Expressing your results in terms of appropriate 
variables, write the system of equations needed 
to determine the heater and reflector tempera- 
tures, T, and T;, respectively. Determine these 
temperatures for the prescribed conditions. 


Determine the rate at which electrical power must 
be supplied per unit length of the rod heater. 


13.125 A radiant heater, which is used for surface treatment 
processes, consists of a long cylindrical heating ele- 
ment of diameter D, =0.005m and _ emissivity 


é; = 


thin 


0.80. The heater is partially enveloped by a long, 
parabolic reflector whose inner and outer surface 


emissivities are €; = 0.10 and &, = 0.80, respec- 
tively. Inner and outer surface areas per unit length 
of the reflector are each A}, = A}, = 0.20 m, and the 
average convection coefficient for the combined inner 
and outer surfaces is /;,, = 2 W/m*+K. The system 


may 


be assumed to be in an infinite, quiescent medium 


of atmospheric air at T,, = 300 K and to be exposed to 
large surroundings at T,,,, = 300 K. 
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(a) Sketch the appropriate radiation circuit, and 


(b) 


(c) 


(d) 


write expressions for each of the network resis- 
tances. 


If, under steady-state conditions, electrical 
power is dissipated in the heater at P} = 
1500 W/m and the heater surface temperature is 
T, = 1200 K, what is the net rate at which radi- 
ant energy is transferred from the heater? 


What is the net rate at which radiant energy is 
transferred from the heater to the surroundings? 


What is the temperature, 7, of the reflector? 


13.126 A steam generator consists of an in-line array of 


tubes, each of outer diameter D = 10 mm and length 
L = 1m. The longitudinal and transverse pitches are 
each S; = Sp = 20mm, while the numbers of longi- 
tudinal and transverse rows are N, = 20 and N; = S. 
Saturated water (liquid) enters the tubes at a pressure 
of 2.5 bars, and its flow rate is adjusted to ensure 
that it leaves the tubes as saturated vapor. Boiling that 
occurs in the tubes maintains a uniform tube wall tem- 
perature of 400 K. 
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(a) Consider case (a) for which products of com- 
bustion enter the tube bank with velocity and 
temperature of V = 10m/s and T,,; = 1200K, 
respectively. Determine the average gas-side 
convection coefficient, the gas outlet tempera- 
ture, and the rate of steam production in kg/s. 
Properties of the gas may be approximated to be 
those of atmospheric air at an average tempera- 
ture of 900 K. 


(b) An alternative steam generator design, case (b), 
consists of the same tube arrangement, but the 
gas flow is replaced by an evacuated space with 
electrically heated plates inserted between each 
line of tubes. If the plates are maintained at a 
uniform temperature of T, = 1200K, what is 
the rate of steam production? The plate and tube 
surfaces may be approximated as blackbodies. 


(c) Consider conditions for which the plates are 
installed, as in case (b), and the high-temperature 
products of combustion flow over the tubes, 
as in case (a). The plates are no longer electri- 
cally heated, but their thermal conductivity is 


a Problems 


sufficiently large to ensure a uniform plate tem- 
perature. Comment on factors that influence the 
plate temperature and the gas temperature distri- 
bution. Contrast (qualitatively) the gas outlet 
temperature and the steam generation rate with 
the results of case (a). 


13.127 A wall-mounted natural gas heater uses combustion 


Catalytic pad— 


on a porous catalytic pad to maintain a ceramic plate 
of emissivity ¢, = 0.95 at a uniform temperature of 
T, = 1000 K. The ceramic plate is separated from a 
glass plate by an air gap of thickness L = 50mm. 
The surface of the glass is diffuse, and its spectral 
transmissivity and absorptivity may be approximated 
as T = 0 and a, = 1 for OSA S04ym, xy = 1 
and a, = 0 for 0.4<A = 1.6 wm, and 7, = 0 and 
a, = 0.9 for A > 1.6 wm. The exterior surface of 
the glass is exposed to quiescent ambient air and 
large surroundings for which T., = T,,,. = 300 K. The 


sur 


height and width of the heater are H = W = 2m. 
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(a) What is the total transmissivity of the glass to 
irradiation from the ceramic plate? Can the glass 
be approximated as opaque and gray? 

(b) For the prescribed conditions, evaluate the glass 
temperature, T,, and the rate of heat transfer 


2 


from the heater, gp. 


(c)| A fan may be used to control the convection 
coefficient h, at the exterior surface of the glass. 
Compute and plot 7, and q, as a function of h, 
for 10 <= h, = 100 W/m*:K. 


Participating Media 


13.128 Pure, solid silicon is produced from a melt, as, for 


example, in Problem 1.42. Solid silicon is semitrans- 
parent, and the spectral absorption coefficient distri- 
bution for pure silicon may be approximated as 
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Ky. = 10° m™! (A = 0.4 um) 
Ky. =Om'! (0.4 um <A S 8 ym) 
K\y3>= 107 m! (8 um <A = 25 pum) 
Ky4=Om'! (25 wpm < 1) 
(a) Determine the total absorption coefficient 
defined as 
| K\G,(A)dXr 
0 


G 


for irradiation from surroundings at a tempera- 
ture equal to the melting point of silicon. 


(b) Estimate the total transmissivity, total absorptiv- 
ity, and total emissivity of an L = 150-ym-thick 
sheet of solid silicon at its melting point. 


A furnace having a spherical cavity of 0.5-m diameter 
contains a gas mixture at 1 atm and 1400 K. The mix- 
ture consists of CO, with a partial pressure of 0.25 atm 
and nitrogen with a partial pressure of 0.75 atm. If the 
cavity wall is black, what is the cooling rate needed to 
maintain its temperature at 500 K? 


A gas turbine combustion chamber may be approxi- 
mated as a long tube of 0.4-m diameter. The combus- 
tion gas is at a pressure and temperature of 1 atm and 
1000°C, respectively, while the chamber surface 
temperature is 500°C. If the combustion gas contains 
CO, and water vapor, each with a mole fraction of 
0.15, what is the net radiative heat flux between the 
gas and the chamber surface, which may be approxi- 
mated as a blackbody? 


A flue gas at 1-atm total pressure and a temperature 
of 1400 K contains CO, and water vapor at partial 
pressures of 0.05 and 0.10 atm, respectively. If the 
gas flows through a long flue of 1-m diameter and 
400 K surface temperature, determine the net radia- 
tive heat flux from the gas to the surface. Blackbody 
behavior may be assumed for the surface. 


A furnace consists of two large parallel plates sepa- 
rated by 0.75 m. A gas mixture comprised of O, Ns, 
CO,, and water vapor, with mole fractions of 0.20, 
0.50, 0.15, and 0.15, respectively, flows between the 
plates at a total pressure of 2 atm and a temperature 
of 1300K. If the plates may be approximated as 
blackbodies and are maintained at 500 K, what is the 
net radiative heat flux to the plates? 


In an industrial process, products of combustion at a 
temperature and pressure of 2000K and 1 atm, 
respectively, flow through a long, 0.25-m-diameter 
pipe whose inner surface is black. The combustion 
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gas contains CO, and water vapor, each at a partial 
pressure of 0.10 atm. The gas may be assumed to 
have the thermophysical properties of atmospheric 
air and to be in fully developed flow with 
i = 0.25 kg/s. The pipe is cooled by passing water in 
cross flow over its outer surface. The upstream 
velocity and temperature of the water are 0.30 m/s 
and 300K, respectively. Determine the pipe wall 
temperature and heat flux. Hint: Emission from the 
pipe wall may be neglected. 


Noting from Figure 13.16 that gas emissivity can be 
increased by adding water vapor, it is proposed to 
enhance heat transfer by injecting saturated steam at 
100°C at the entrance of the pipe of Problem 13.133. 
The mass flow rate of injected steam is 50% of the 
mass flow rate of water vapor in the combustion prod- 
ucts. Determine the gas radiation to the pipe wall with- 
out and with steam injection. Hint: The temperature of 
the hot gas decreases, and the partial pressures of the 
water vapor and CO, change when relatively cool 
steam is injected. Use your knowledge of gas mixtures 
from thermodynamics to calculate the partial pressures 
and mass flow rates. Assume the molecular weight of 
the original mixture is that of air. 


Waste heat recovery from the exhaust (flue) gas of a 
melting furnace is accomplished by passing the gas 
through a vertical metallic tube and introducing satu- 
rated water (liquid) at the bottom of an annular 
region around the tube. 
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The tube length and inside diameter are 7 and 1 m, 
respectively, and the tube inner surface is black. The 
gas in the tube is at atmospheric pressure, with CO, 
and H,O(v) partial pressures of 0.1 and 0.2 atm, 
respectively, and its mean temperature may be 
approximated as T, = 1400 K. The gas flow rate is 
m = 2kg/s. If saturated water is introduced at a pres- 
sure of 2.455 bars, estimate the water flow rate m, for 
which there is complete conversion from saturated 
liquid at the inlet to saturated vapor at the outlet. 
Thermophysical properties of the gas may be approxi- 
mated as pp = 530 X 1077 kg/s-m, k = 0.091 W/m:K, 
and Pr = 0.70. 
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Thermophysical Properties of Saturated Water 
Thermophysical Properties of Liquid Metals 


'The convention used to present numerical values of the properties is illustrated by this example: 


iT v+10! k-10° 
(K) (m/s) (W/m: K) 
300 0.349 521 


where v = 0.349 X 1077 m’/s and k = 521 X 10°? = 0.521 W/m: K at 300 K. 
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TABLE A.1 Thermophysical Properties of Selected Metallic Solids“ 


Properties at Various Temperatures (K) 


Properties at 300 K k (Wim - K)/c, J/kg - K) 
Melting 
Point p Cp k a: 10° 
Composition (K) (kg/m*) (J/kg-K) (W/m-K) (m/s) 100 200 400 600 800 1000 1200 =1500 §=2000 §=2500 
Aluminum 
Pure 933 2702 903 237 97.1 302 237 240 231 218 
482 798 949 1033-1146 
Alloy 2024-T6 7715 2770 875 177 73.0 65 163 186 186 
(4.5% Cu, 1.5% Mg, 473 787 925 1042 
0.6% Mn) 
Alloy 195, Cast 2790 883 168 68.2 174 185 
(4.5% Cu) _ ae 
Beryllium 1550 1850 1825 200 59.2. 990 301 161 126 106 90.8 78.7 
203s 1114 2191 2604 2823 3018 3227 = 3519 
Bismuth 545 9780 122 7.86 6.59 16.5 9.69 7.04 
112 120 127 
Boron 2573 2500 1107 27.0 9.76 190 55.5 16.8 10.6 9.60 9.85 
128 600 1463 1892 2160 2338 
Cadmium 594 8650 231 96.8 48.4 203 99.3 94.7 
198 222 242 
Chromium 2118 7160 449 93.7 29.1 159 111 90.9 80.7 71.3 65.4 61.9 57.2 49.4 
192 384 484 542 581 616 682 719 937 
Cobalt 1769 8862 421 99.2 26.6 167 122 85.4 67.4 58.2 52.1 49.3 42.5 
236 379 450 503 550 628 733 674 
Copper 
Pure 1358 8933 385 401 117 482 413 393 379 366 352 339 
252 356 397 417 433 451 480 
Commercial bronze 1293 8800 420 52 14 42 a2. 59 
(90% Cu, 10% Al) 785 460 545 
Phosphor gear bronze 1104 8780 355 54 17 41 65 74 
(89% Cu, 11% Sn) 
Cartridge brass 1188 8530 380 110 33.9 75 95 137 149 
(70% Cu, 30% Zn) 360 395 425 
Constantan 1493 8920 384 23 6.71 17 19 
(55% Cu, 45% Ni) 237 362 
Germanium 1211 5360 322 59.9 34.7 232 96.8 43.2 27.3 19.8 17.4 17.4 
190 290 337 348 357 375 395 
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TABLE A.1 Continued 


Properties at Various Temperatures (K) 


Properties at 300 K k (Win - K)/c, J/kg : K) 
Melting 
Point p Cy k a-10° 
Composition (K) (kg/m?) (J/kg-K) (W/m-K) (m’/s) 100 200 400 600 800 1000 1200 §=1500 §=6©2000 ©2500 
Gold 1336 19300 129 317 127 327 323 311 298 284 270 255 
109 124 131 135 140 145 155 
Iridium 2720 22500 130 147 50.3 172 153 144 138 132 126 120 111 
90 122 133 138 144 153 161 172 
Tron 
Pure 1810 7870 447 80.2 23.1 134 94.0 69.5 54.7 43.3 32.8 28.3 32.1 
216 384 490 574 680 975 609 654 
Armco 
(99.75% pure) 7870 447 V2 20.7 95.6 80.6 65.7 53.1 42.2 32.3 28.7 31.4 
215 384 490 574 680 975 609 654 
Carbon steels 
Plain carbon 7854 434 60.5 17.7 56.7 48.0 39.2 30.0 
(Mn = 1%, 487 559 685 1169 
Si = 0.1%) 
AISI 1010 7832 434 63.9 18.8 58.7 48.8 39.2 31.3 
487 559 685 1168 
Carbon-silicon 7817 446 51.9 14.9 49.8 44.0 374 29.3 
(Mn = 1%, 501 582 699 971 
0.1% < Si = 0.6%) 
Carbon—manganese— 8131 434 41.0 11.6 42.2 39.7 35.0 27.6 
silicon 487 559 685 1090 
(1% < Mn = 1.65%, 
0.1% < Si = 0.6%) 
Chromium (low) steels 
3Cr-4Mo-Si 7822 Ht 37.7 10.9 38.2 36.7 33.3 26.9 
(0.18% C, 0.65% Cr, 492 575 688 969 
0.23% Mo, 0.6% Si) 
1 Cr-3Mo 7858 442 42.3 12.2 42.0 39.1 34.5 274 
(0.16% C, 1% Cr, 492 575 688 969 
0.54% Mo, 0.39% Si) 
1 Cr-V 7836 443 48.9 14.1 46.8 42.1 36.3 28.2 
(0.2% C, 1.02% Cr, 492 575 688 969 


0.15% V) 
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Stainless steels 
AISI 302 


AISI 304 

AISI 316 

AISI 347 
Lead 
Magnesium 
Molybdenum 


Nickel 
Pure 


Nichrome 
(80% Ni, 20% Cr) 
Inconel X-750 


(73% Ni, 15% Cr, 
6.7% Fe) 


Niobium 


Palladium 


Platinum 
Pure 


Alloy 60Pt-40Rh 
(60% Pt, 40% Rh) 
Rhenium 
Rhodium 
Silicon 
Silver 
Tantalum 


Thorium 


Tin 


1670 


601 


923 


2894 


1728 


1672 


1665 


2741 


1827 


2045 


1800 


3453 


2236 


1685 


1235 


3269 


2023 


505 


8055 


7900 


8238 


7978 


11340 


1740 


10240 


8900 


8400 


8510 


8570 


12020 


21450 


16630 


21100 


12450 


2330 


10500 


16600 


11700 


7310 


118 


227 


71.8 


3:91 


3.95 


3.48 


3.71 


24.1 


87.6 


D3c) 


23.0 


3.4 


3.1 


23.6 


24.5 


25.1 


17.4 


16.7 


49.6 


89.2 


174 


24.7 


39.1 


40.1 


9.2 
272 


12.6 


7.3 20.0 22.8 25.4 
512 559 585 606 
16.6 19.8 22.6 25.4 28.0 31.7 
515 557 582 611 640 682 
15.2 18.3 21.3 24.2 
504 550 576 602 
15.8 18.9 21.9 24.7 
513 559 585 606 
34.0 31.4 
132 142 
153 149 146 
1074 1170 =: 1267 
134 126 118 112 105 98 90 =86 
261 275 285 295 308 330 =380) = 459 
80.2 65.6 67.6 71.8 76.2 82.6 
485 592 530 562 594 616 
14 16 21 
480 525 545 
13.5 17.0 20.5 24.0 27.6 33.0 
473 510 546 626 — — 
55.2 58.2 61.3 64.4 67.5 72.1 79.1 
274 283 292 301 310 324 9347 
73.6 79.7 86.9 94.2 102 110 
251 261 271 281 291 307 
71.8 73.2 75.6 78.7 82.6 89.5 99.4 
136 141 146 152 157 165 179 
52 59 65 69 73 76 
46.1 44.2 44.1 44.6 45.7 47.8 51.9 
139 145 151 156 162 171 186 
146 136 127 121 116 110-112 
253 274 293 311 327 349 376 
98.9 61.9 42.2 31.2 25.7 22.7 
790 867 913 946 967 992 
425 412 396 379 361 
239 250 262 277 292 
57.8 58.6 59.4 60.2 61.0 62.2 64.1 65.6 
144 146 149 152 155 160 172 189 
54.5 55.8 56.9 56.9 58.7 
124 134 145 156 167 
62.2 
243 
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TABLE A.1 Continued 


Properties at Various Temperatures (K) 


Properties at 300 K k (Wim - K)/c, (J/kg - K) 
Melting 
Point p Cy k a: 10° 
Composition (K) (kg/m*) (J/kg-K) (W/m-K) (m/s) 100 200 400 600 800 1000 1200 §=1500 §=2000 2500 
Titanium 1953 4500 522 21.9 9.32 30.5 24.5 20.4 19.4 19.7 20.7 22.0 24.5 
300 465 551 591 633 675 620 686 
Tungsten 3660 19300 132 174 68.3 208 186 159 137 125 118 113 107 100 95 
87 122 137 142 145 148 152 157 167 176 
Uranium 1406 19070 116 27.6 12.5 2AeT 25.1 29.6 34.0 38.8 43.9 49.0 
94 108 125 146 176 180 161 
Vanadium 2192 6100 489 30.7 10.3 35.8 31:3 31.3 33.3 35.7 38.2 40.8 44.6 50.9 
258 430 515 540 563 597 645 714 = 867 
Zinc 693 7140 389 116 41.8 117 118 111 103 
297 367 402 436 
Zirconium 2125 6570 278 22.7 12.4 33.2 20.2 21.6 20.7 21.6 23.7 26.0 28.8 33.0 


205 264 300 322 342 362 344 344 «344 


“Adapted from References 1-7. 
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TABLE A.2 Thermophysical Properties of Selected Nonmetallic Solids“ 


Properties at Various Temperatures (K) 


Properties at 300 K k (Wim - K)/c, (J/kg - K) 
Melting 
Point p é k a 10° 
Composition (K) (kg/m*) (J/kg-K) (W/m-K) (m/s) 100 200 400 600 800 1000 1200 1500 2000 2500 
Aluminum oxide, 2323 3970 765 46 15.1 450 82 32.4 18.9 13.0 10.5 
sapphire — —_— 940 1110 1180 1225 
Aluminum oxide, 2323 3970 765 36.0 11.9 133 55 26.4 15.8 10.4 7.85 6.55 5.66 6.00 
polycrystalline — —_— 940 1110 1180 1225 
Beryllium oxide 2725 3000 1030 272 88.0 196 111 70 47 33 21.5 15 
1350 1690 1865 1975 2055 2145 2750 
Boron 2573 2500 1105 27.6 9.99 190 52.5 18.7 11.3 8.1 6.3 5.2 
— — 1490 1880 2135 2350 2555 

Boron fiber epoxy 590 2080 
(30% vol) composite 

k, || to fibers 2.29 2.10 2:23 2.28 

k, 1 to fibers 0.59 0.37 0.49 0.60 

&; 1122 364 757 1431 
Carbon 

Amorphous 1500 1950 —_— 1.60 — 0.67 1.18 1.89 2.19 2.37 2.53 2.84 3.48 

Diamond, 

type Ia — 3500 509 2300 — 10,000 4000 1540 

insulator 21 194 853 
Graphite, pyrolytic 2273 2210 

k, || to layers 1950 4970 3230 1390 892 667 534 448 357 262 

k, 1 to layers 5.70 16.8 9.23 4.09 2.68 2.01 1.60 1.34 1.08 0.81 

Cy 709 136 411 992 1406 1650 1793 1890 1974 2043 
Graphite fiber 450 1400 
epoxy (25% vol) 
composite 

k, heat flow 

|| to fibers 11.1 5.7 8.7 13.0 

k, heat flow 

L to fibers 0.87 0.46 0.68 1.1 

Cy 935 337 642 1216 
Pyroceram, 1623 2600 808 3.98 1.89 5.25 4.78 3.64 3.28 3.08 2.96 2.87 2.79 
Corning 9606 — — 908 1038 1122 1197 1264 1498 
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TABLE A.2 Continued 


Properties at Various Temperatures (K) 


Properties at 300 K k (Wim - K)/c, (J/kg - K) 
Melting 
Point p Cy k a: 10° 
Composition (K) (kg/m*) (J/kg-K) (W/m-K) (m/s) 100 200 400 600 800 1000 1200 1500 2000 2500 
Silicon carbide 3100 3160 675 490 230 87 58 30 
880 1050 1135 1195 1243 1310 

Silicon dioxide, 1883 2650 
crystalline 
(quartz) 

k, || to c axis 10.4 39 16.4 7.6 5.0 4.2 

k, L toc axis 6.21 20.8 9.5 4.70 3.4 3.1 

c, 745 — — 885 1075 1250 
Silicon dioxide, 1883 2220 745 1.38 0.834 0.69 1.14 1.51 1.75 2.17 2.87 4.00 
polycrystalline — — 905 1040 1105 1155 1195 
(fused silica) 
Silicon nitride 2173 2400 691 16.0 965 — — 13.9 11.3 9.88 8.76 8.00 7.16 6.20 

— 578 778 937 1063 1155 1226 1306 1377 
Sulfur 392 2070 708 0.206 0.141 0.165 0.185 
403 606 
Thorium dioxide 3573 9110 235 13 6.1 10.2 6.6 47 3.68 3.12 2.73 25 
255 274 285 295 303 315 330 

Titanium dioxide, 2133 4157 710 8.4 2.8 7.01 5.02 3.94 3.46 3.28 
polycrystalline 805 880 910 930 945 


“Adapted from References 1, 2, 3 and 6. 
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Appendix A = Thermophysical Properties of Matter 905 


TABLE A.3. Thermophysical Properties of Common Materials* 


Structural Building Materials 


Typical Properties at 300 K 


Density, Thermal Specific 
Pp Conductivity, k Heat, c, 
Description/Composition (kg/m?) (W/m: K) (J/kg: K) 
Building Boards 
Asbestos—cement board 1920 0.58 — 
Gypsum or plaster board 800 0.17 — 
Plywood 545 0.12 1215 
Sheathing, regular density 290 0.055 1300 
Acoustic tile 290 0.058 1340 
Hardboard, siding 640 0.094 1170 
Hardboard, high density 1010 0.15 1380 
Particle board, low density 590 0.078 1300 
Particle board, high density 1000 0.170 1300 
Woods 
Hardwoods (oak, maple) 720 0.16 1255 
Softwoods (fir, pine) 510 0.12 1380 
Masonry Materials 
Cement mortar 1860 0.72 780 
Brick, common 1920 0.72 835 
Brick, face 2083 13 — 
Clay tile, hollow 
1 cell deep, 10 cm thick — 0.52 — 
3 cells deep, 30 cm thick — 0.69 = 
Concrete block, 3 oval cores 
Sand/gravel, 20 cm thick _— 1.0 —_— 
Cinder aggregate, 20 cm thick —_— 0.67 — 
Concrete block, rectangular core 
2 cores, 20 cm thick, 16 kg — Ail — 
Same with filled cores — 0.60 — 
Plastering Materials 
Cement plaster, sand aggregate 1860 0.72 — 
Gypsum plaster, sand aggregate 1680 0.22 1085 
Gypsum plaster, vermiculite 720 0.25 —_— 
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TABLE A.3 Continued 


Insulating Materials and Systems 


Typical Properties at 300 K 


Density, Thermal Specific 
p Conductivity, k Heat, c, 
Description/Composition (kg/m?) (W/m - K) (J/kg -K) 
Blanket and Batt 
Glass fiber, paper faced 16 0.046 — 
28 0.038 = 
40 0.035 — 
Glass fiber, coated; duct liner 32 0.038 835 
Board and Slab 
Cellular glass 145 0.058 1000 
Glass fiber, organic bonded 105 0.036 795 
Polystyrene, expanded 
Extruded (R-12) 55 0.027 1210 
Molded beads 16 0.040 1210 
Mineral fiberboard; roofing 265 0.049 — 
material 
Wood, shredded/cemented 350 0.087 1590 
Cork 120 0.039 1800 
Loose Fill 
Cork, granulated 160 0.045 = 
Diatomaceous silica, coarse 350 0.069 — 
Powder 400 0.091 — 
Diatomaceous silica, fine powder 200 0.052 — 
275 0.061 —_ 
Glass fiber, poured or blown 16 0.043 835 
Vermiculite, flakes 80 0.068 835 
160 0.063 1000 
Formed/Foamed-in-Place 
Mineral wool granules with 190 0.046 —_— 
asbestos/inorganic binders, 
sprayed 
Polyvinyl acetate cork mastic; — 0.100 — 
sprayed or troweled 
Urethane, two-part mixture; 70 0.026 1045 
rigid foam 
Reflective 
Aluminum foil separating fluffy 40 0.00016 —_— 
glass mats; 10-12 layers, evacuated; 
for cryogenic applications (150 K) 
Aluminum foil and glass paper 120 0.000017 —_— 
laminate; 75-150 layers; evacuated; 
for cryogenic application (150 K) 
Typical silica powder, evacuated 160 0.0017 — 


TABLE A.3 Continued 


Industrial Insulation 


Maximum Typical Typical Thermal Conductivity, k (W/m - K), at Various Temperatures (K) 
Description/ Service Density 
Composition Temperature (K) (kg/m*) 200 215 230 240 255 270 285 300 310 365 420 530 645 750 
Blankets 
Blanket, mineral fiber, 920 96-192 0.038 0.046 0.056 0.078 
metal reinforced 815 40-96 0.035 0.045 0.058 0.088 
Blanket, mineral fiber, 450 10 0.036 0.038 0.040 0.043 0.048 0.052 0.076 
glass; fine fiber, 
organic bonded 12 0.035 0.036 0.039 0.042 0.046 0.049 0.069 
16 0.033 0.035 0.036 0.039 0.042 0.046 0.062 
24 0.030 0.032 0.033 0.036 0.039 0.040 0.053 
32 0.029 0.030 0.032 0.033 0.036 0.038 0.048 
48 0.027 0.029 0.030 0.032 0.033 0.035 0.045 
Blanket, alumina— 
silica fiber 1530 48 0.071 0.105 0.150 
64 0.059 0.087 0.125 
96 0.052 0.076 0.100 
128 0.049 0.068 0.091 
Felt, semirigid; 480 50-125 0.035 0.036 0.038 0.039 0.051 0.063 
organic bonded 730 50 0.023 0.025 0.026 0.027 0.029 0.030 0.032 0.033 0.035 0.051 0.079 
Felt, laminated; 
no binder 920 120 0.051 0.065 0.087 
Blocks, Boards, and 
Pipe Insulations 
Asbestos paper, 
laminated and 
corrugated 
4-ply 420 190 0.078 0.082 0.098 
6-ply 420 255 0.071 0.074 0.085 
8-ply 420 300 0.068 0.071 0.082 
Magnesia, 85% 590 185 0.051 0.055 0.061 
Calcium silicate 920 190 0.055 0.059 0.063 0.075 0.089 0.104 
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TABLE A.3 Continued 


Industrial Insulation (Continued) 


Maximum Typical Typical Thermal Conductivity, k (W/m - K), at Various Temperatures (K) 
Description/ Service Density 
Composition Temperature (K) (kg/m*) 200 215 230 240 255 270 285 300 310 365 420 530 645 750 
Cellular glass 700 145 0.046 0.048 0.051 0.052 0.055 0.058 0.062 0.069 0.079 
Diatomaceous 1145 345 0.092 0.098 0.104 
silica 1310 385 0.101 0.100 0.115 
Polystyrene, rigid 
Extruded (R-12) 350 56 0.023 0.023 0.022 0.023 0.023 0.025 0.026 0.027 0.029 
Extruded (R-12) 350 35 0.023 0.023 0.023 0.025 0.025 0.026 0.027 0.029 
Molded beads 350 16 0.026 0.029 0.030 0.033 0.035 0.036 0.038 0.040 
Rubber, rigid 
foamed 340 70 0.029 0.030 0.032 0.033 
Insulating Cement 
Mineral fiber 
(rock, slag or glass) 
With clay binder 1255 430 0.071 0.079 0.088 0.105 0.123 
With hydraulic 
setting binder 922 560 0.108 0.115 0.123 0.137 
Loose Fill 
Cellulose, wood 
or paper pulp — 45 0.038 0.039 0.042 
Perlite, expanded — 105 0.036 0.039 0.042 0.043 0.046 0.049 0.051 0.053 0.056 
Vermiculite, 
expanded — 122 0.056 0.058 0.061 0.063 0.065 0.068 0.071 
80 0.049 0.051 0.055 0.058 0.061 0.063 0.066 
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TABLE A.3 Continued 


Other Materials 
Density, Thermal Specific 
Description/ Temperature p Conductivity, k Heat, c, 
Composition (K) (kg/m’) (W/m - K) (J/kg: K) 
Asphalt 300 2115 0.062 920 
Bakelite 300 1300 1.4 1465 
Brick, refractory 
Carborundum 872 — 18.5 — 
1672 — 11.0 — 
Chrome brick 473 3010 2:3: 835 
823 2.5 
1173 2.0 
Diatomaceous 478 — 0.25 — 
silica, fired 1145 — 0.30 
Fireclay, burnt 1600 K 773 2050 1.0 960 
1073 — 1d 
1373 — ile 
Fireclay, burnt 1725 K 773 2325 1.3 960 
1073 1.4 
1373 1.4 
Fireclay brick 478 2645 1.0 960 
922 1.5 
1478 1.8 
Magnesite 478 —_ 3.8 1130 
922 — 2.8 
1478 1.9 
Clay 300 1460 1.3 880 
Coal, anthracite 300 1350 0.26 1260 
Concrete (stone mix) 300 2300 1.4 880 
Cotton 300 80 0.06 1300 
Foodstuffs 
Banana (75.7% 
water content) 300 980 0.481 3350 
Apple, red (75% 
water content) 300 840 0.513 3600 
Cake, batter 300 720 0.223 — 
Cake, fully baked 300 280 0.121 — 
Chicken meat, white 198 — 1.60 — 
(74.4% water content) 233 — 1.49 
253 1.35 
263 1.20 
273 0.476 
283 0.480 
293 0.489 
Glass 
Plate (soda lime) 300 2500 1.4 750 


Pyrex 300 2225 1.4 835 
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TABLE A.3 Continued 


Other Materials (Continued) 


Density, Thermal Specific 
Description/ Temperature p Conductivity, k Heat, c, 
Composition (K) (kg/m’) (W/m: K) (J/kg: K) 
Ice 273 920 1.88 2040 
253 — 2.03 1945 
Leather (sole) 300 998 0.159 — 
Paper 300 930 0.180 1340 
Paraffin 300 900 0.240 2890 
Rock 
Granite, Barre 300 2630 2.79 7715 
Limestone, Salem 300 2320 215 810 
Marble, Halston 300 2680 2.80 830 
Quartzite, Sioux 300 2640 5.38 1105 
Sandstone, Berea 300 2150 2.90 TAS 
Rubber, vulcanized 
Soft 300 1100 0.13 2010 
Hard 300 1190 0.16 — 
Sand 300 1515 0.27 800 
Soil 300 2050 0.52 1840 
Snow 273 110 0.049 — 
500 0.190 —_— 
Teflon 300 2200 0.35 — 
400 0.45 —_— 
Tissue, human 
Skin 300 ne 0.37 — 
Fat layer (adipose) 300 — 0.2 —_— 
Muscle 300 — 0.5 — 
Wood, cross grain 
Balsa 300 140 0.055 — 
Cypress 300 465 0.097 — 
Fir 300 415 0.11 2720 
Oak 300 545 0.17 2385 
Yellow pine 300 640 0.15 2805 
White pine 300 435 0.11 — 
Wood, radial 
Oak 300 545 0.19 2385 
Fir 300 420 0.14 2720 


“Adapted from References | and 8-13. 
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TABLE A.4 Thermophysical Properties 
of Gases at Atmospheric Pressure“ 
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T p Cp p10" p-10° k- 10° a: 10° 
(K) (kg/m*) (kJ/kg - K) (N- s/m?) (m?/s) (W/m - K) (m/s) Pr 
Air, = 28.97 kg/kmol 
100 3.5562 1.032 71.1 2.00 9.34 2.54 0.786 
150 2.3364 1.012 103.4 4.426 13.8 5.84 0.758 
200 1.7458 1.007 132.5 7.590 18.1 10.3 0.737 
250 1.3947 1.006 159.6 11.44 22.3 15:9 0.720 
300 1.1614 1.007 184.6 15.89 26.3 22:59 0.707 
350 0.9950 1.009 208.2 20.92 30.0 29.9 0.700 
400 0.8711 1.014 230.1 26.41 33.8 38.3 0.690 
450. 0.7740 1.021 250.7 32.39 37.3 47.2 0.686 
500 0.6964 1.030 270.1 38.79 40.7 56.7 0.684 
550 0.6329 1.040 288.4 45.57 43.9 66.7 0.683 
600 0.5804 1.051 305.8 52.69 46.9 76.9 0.685 
650 0.5356 1.063 322.5 60.21 49.7 87.3 0.690 
700 0.4975 1.075 338.8 68.10 52.4 98.0 0.695 
750 0.4643 1.087 354.6 76.37 54.9 109 0.702 
800 0.4354 1.099 369.8 84.93 573 120 0.709 
850 0.4097 1.110 384.3 93.80 59.6 131 0.716 
900 0.3868 1.121 398.1 102.9 62.0 143 0.720 
950 0.3666 1.131 411.3 112.2 64.3 155 0.723 
1000 0.3482 1.141 424.4 121.9 66.7 168 0.726 
1100 0.3166 1.159 449.0 141.8 71.5 195 0.728 
1200 0.2902 1.175 473.0 162.9 76.3 224 0.728 
1300 0.2679 1.189 496.0 185.1 82 257 0.719 
1400 0.2488 1.207 530 213 91 303 0.703 
1500 0.2322 1.230 557 240 100 350 0.685 
1600 0.2177 1.248 584 268 106 390 0.688 
1700 0.2049 1.267 611 298 113 435 0.685 
1800 0.1935 1.286 637 329 120 482 0.683 
1900 0.1833 1.307 663 362 128 534 0.677 
2000 0.1741 1.337 689 396 137 589 0.672 
2100 0.1658 1.372 715 431 147 646 0.667 
2200 0.1582 1.417 740 468 160 714 0.655 
2300 0.1513 1.478 766 506 175 783 0.647 
2400 0.1448 1.558 792 547 196 869 0.630 
2500 0.1389 1.665 818 589 222 960 0.613 
3000 0.1135 2.726 955 841 486 1570 0.536 
Ammonia (NH,), .( = 17.03 kg/kmol 
300 0.6894 2.158 101.5 14.7 24.7 16.6 0.887 
320 0.6448 2.170 109 16.9 27.2 19.4 0.870 
340 0.6059 2.192 116.5 19.2 29-3 22:1 0.872 
360 0.5716 2.221 124 21.7 31.6 24.9 0.872 
380 0.5410 2.254 131 24.2 34.0 27.9 0.869 
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TABLE A.4 Continued 


T p Cp p10" p-10° k-10° a: 10° 

(K) (kg/m*) — (kJ/kg-K) —(N- s/m’) (m’/s) (W/m - K) (m?/s) Pr 

Ammonia (NH;) (continued) 
400 0.5136 2.287 138 26.9 37.0 315 0.853 
420 0.4888 2322 145 29.7 40.4 35.6 0.833 
440 0.4664 2.357 152.5 32.7 43.5 39.6 0.826 
460 0.4460 2.393 159 35.7 46.3 43.4 0.822 
480 0.4273 2.430 166.5 39.0 49.2 47.4 0.822 
500 0.4101 2.467 173 42.2 52.5 51.9 0.813 
520 0.3942 2.504 180 45.7 54.5 55.2 0.827 
540 0.3795 2.540 186.5 49.1 57.5 59.7 0.824 
560 0.3708 2514 193 52.0 60.6 63.4 0.827 
580 0.3533 2.613 199.5 56.5 63.8 69.1 0.817 

Carbon Dioxide (COQ,), A = 44.01 kg/kmol 
280 1.9022 0.830 140 7.36 15.20 9.63 0.765 
300 1.7730 0.851 149 8.40 16.55 11.0 0.766 
320 1.6609 0.872 156 9.39 18.05 12:5 0.754 
340 1.5618 0.891 165 10.6 19.70 14.2 0.746 
360 1.4743 0.908 173 11.7 21,2 15.8 0.741 
380 1.3961 0.926 181 13.0 22.75 17.6 0.737 
400 1.3257 0.942 190 14.3 24.3 19:5 0.737 
450. 1.1782 0.981 210 17.8 28.3 24.5 0.728 
500 1.0594 1.02 231 21.8 32.5 30.1 0.725 
550 0.9625 1.05 251 26.1 36.6 36.2 0.721 
600 0.8826 1.08 270 30.6 40.7 42.7 0.717 
650 0.8143 1.10 288 35.4 44.5 49.7 0.712 
700 0.7564 1.13 305 40.3 48.1 56.3 0.717 
750 0.7057 115 321 45.5 S17 63.7 0.714 
800 0.6614 117 337 51.0 55.1 71.2 0.716 

Carbon Monoxide (CO), .t = 28.01 kg/kmol 
200 1.6888 1.045 127 7.52 17.0 9.63 0.781 
220 1.5341 1.044 137 8.93 19.0 11.9 0.753 
240 1.4055 1.043 147 10.5 20.6 14.1 0.744 
260 1.2967 1.043 157 12.1 22.1 16.3 0.741 
280 1.2038 1.042 166 13.8 23.6 18.8 0.733 
300 1.1233 1.043 175 15.6 25.0 21:3 0.730 
320 1.0529 1.043 184 17.5 26.3 23.9 0.730 
340 0.9909 1.044 193 19.5 27.8 26.9 0.725 
360 0.9357 1.045 202 21.6 29). 29.8 0.725 
380 0.8864 1.047 210 23:7 30.5 32.9 0.729 
400 0.8421 1.049 218 25:9 31.8 36.0 0.719 
450 0.7483 1.055 237 31.7 35.0 44.3 0.714 
500 0.67352 1.065 254 Shed 38.1 53.1 0.710 
550 0.61226 1.076 271 44.3 41.1 62.4 0.710 
600 0.56126 1.088 286 51.0 44.0 72.1 0.707 
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TABLE A.4 Continued 


T p Cp p10" p-10° k-10° a: 10° 
(K) (kg/m°) (kJ/kg - K) (N-s/m’) (m?/s) (W/m - K) (m/s) Pr 


Carbon Monoxide (CO) (continued) 


650 0.51806 1.101 301 58.1 47.0 82.4 0.705 
700 0.48102 1.114 315 65.5 50.0 93.3 0.702 
750 0.44899 1.127 329 13.3 52.8 104 0.702 
800 0.42095 1.140 343 81.5 55.5 116 0.705 


Helium (He), 1 = 4.003 kg/kmol 


100 0.4871 D193 96.3 19.8 73.0 28.9 0.686 
120 0.4060 5.193 107 26.4 81.9 38.8 0.679 
140 0.3481 5.193 118 33.9 90.7 50.2 0.676 
160 — 5.193 129 _— 99.2 — _— 
180 0.2708 5.193 139 51:3 107.2 76.2 0.673 
200 — a:193 150 _— 115.1 —_ — 
220 0.2216 5.193 160 72.2 123.1 107 0.675 
240 — 5.193 170 —_— 130 —_— — 
260 0.1875 3.193 180 96.0 137 141 0.682 
280 — 5.193 190 — 145 —_— — 
300 0.1625 5.193 199 122 152 180 0.680 
350 — 5.193 221 — 170 —_ _— 
400 0.1219 35.193 243 199 187 295 0.675 
450 — a 193 263 — 204 —_— —_— 
500 0.09754 5.193 283 290 220 434 0.668 
550 — 2.193 — —_— —_— = _ 
600 — 5.193 320 — 252 — — 
650 — 5.193 332 —_— 264 —_— — 
700 0.06969 5.193 350 502 278 768 0.654 
750 — 5.193 364 —_— 291 —_ — 
800 — 9:193 382 —_— 304 —_— —_ 
900 — 3:193 414 —_— 330 — —_— 
1000 0.04879 5.193 446 914 354 1400 0.654 


Hydrogen (H;,), J = 2.016 kg/kmol 


100 0.24255 11.23 42.1 17.4 67.0 24.6 0.707 
150 0.16156 12.60 56.0 34.7 101 49.6 0.699 
200 0.12115 13.54 68.1 56.2 131 79.9 0.704 
250 0.09693 14.06 78.9 81.4 157 115 0.707 
300 0.08078 14.31 89.6 111 183 158 0.701 
350 0.06924 14.43 98.8 143 204 204 0.700 
400 0.06059 14.48 108.2 179 226 258 0.695 
450 0.05386 14.50 117.2 218 247 316 0.689 
500 0.04848 14.52 126.4 261 266 378 0.691 


550 0.04407 14.53 134.3 305 285 445 0.685 
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TABLE A.4 Continued 


T p Cp p10" v:10° k-10° a: 10° 
(K) (kg/m?) (kJ/kg: K) (N:s/m?) (m/s) (W/m: K) (m?/s) Pr 
Hydrogen (H,) (continued) 
600 0.04040 14.55 142.4 352 305 519 0.678 
700 0.03463 14.61 157.8 456 342 676 0.675 
800 0.03030 14.70 172.4 569 378 849 0.670 
900 0.02694 14.83 186.5 692 412 1030 0.671 
1000 0.02424 14.99 201.3 830 448 1230 0.673 
1100 0.02204 15.17 213.0 966 488 1460 0.662 
1200 0.02020 15.37 226.2 1120 528 1700 0.659 
1300 0.01865 15.59 238.5 1279 568 1955 0.655 
1400 0.01732 15.81 250.7 1447 610 2230 0.650 
1500 0.01616 16.02 262.7 1626 655 2530 0.643 
1600 0.0152 16.28 273.7 1801 697 2815 0.639 
1700 0.0143 16.58 284.9 1992 742 3130 0.637 
1800 0.0135 16.96 296.1 2193 786 3435 0.639 
1900 0.0128 17.49 307.2 2400 835 3730 0.643 
2000 0.0121 18.25 318.2 2630 878 3975 0.661 
Nitrogen (N,), ( = 28.01 kg/kmol 
100 3.4388 1.070 68.8 2.00 9.58 2.60 0.768 
150 2.2594 1.050 100.6 4.45 13:9 5.86 0.759 
200 1.6883 1.043 129.2 7.65 18.3 10.4 0.736 
250 1.3488 1.042 154.9 11.48 22.2 15.8 0.727 
300 1.1233 1.041 178.2 15.86 25.9 22.1 0.716 
350 0.9625 1.042 200.0 20.78 29.3 29.2 0.711 
400 0.8425 1.045 220.4 26.16 3231 31:1 0.704 
450 0.7485 1.050 239.6 32.01 35.8 45.6 0.703 
500 0.6739 1.056 257.7 38.24 38.9 54.7 0.700 
550 0.6124 1.065 274.7 44.86 41.7 63.9 0.702 
600 0.5615 1.075 290.8 5179) 44.6 73.9 0.701 
700 0.4812 1.098 321.0 66.71 49.9 94.4 0.706 
800 0.4211 1.122 349.1 82.90 54.8 116 0.715 
900 0.3743 1.146 375.3 100.3 59.7 139 0.721 
1000 0.3368 1.167 399.9 118.7 64.7 165 0.721 
1100 0.3062 1.187 423.2 138.2 70.0 193 0.718 
1200 0.2807 1.204 445.3 158.6 75.8 224 0.707 
1300 0.2591 1.219 466.2 179.9 81.0 256 0.701 
Oxygen (O,), it = 32.00 kg/kmol 
100 3.945 0.962 76.4 1.94 9.25 2.44 0.796 
150 2.585 0.921 114.8 4.44 13.8 5.80 0.766 
200 1.930 0.915 147.5 7.64 18.3 10.4 0.737 
250 1.542 0.915 178.6 11.58 22.6 16.0 0.723 
300 1.284 0.920 207.2 16.14 26.8 22.7 0.711 
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TABLE A.4 Continued 


T p Cp p10’ v:10° k-10° a-10° 
(K) (kg/m*) (kJ/kg: K) (N-s/m?) (m?/s) (W/m: K) (m/s) Pr 


Oxygen (O,) (continued) 


350 1.100 0.929 233.5 21.23 29.6 29.0 0.733 
400 0.9620 0.942 258.2 26.84 33.0 36.4 0.737 
450 0.8554 0.956 281.4 32.90 36.3 44.4 0.741 
500 0.7698 0.972 303.3 39.40 41.2 55:1 0.716 
550 0.6998 0.988 324.0 46.30 44.1 63.8 0.726 
600 0.6414 1.003 343.7 53.59 47.3 13:3 0.729 
700 0.5498 1.031 380.8 69.26 52.8 93.1 0.744 
800 0.4810 1.054 415.2 86.32 58.9 116 0.743 
900 0.4275 1.074 447.2 104.6 64.9 141 0.740 
1000 0.3848 1.090 477.0 124.0 71.0 169 0.733 
1100 0.3498 1.103 505.5 144.5 75.8 196 0.736 
1200 0.3206 1.115 532.5 166.1 81.9 229 0.725 
1300 0.2960 1.125 588.4 188.6 87.1 262 0.721 


Water Vapor (Steam), .(( = 18.02 kg/kmol 


380 0.5863 2.060 127.1 21.68 24.6 20.4 1.06 
400 0.5542 2.014 134.4 24.25 26.1 23.4 1.04 
450 0.4902 1.980 152.5 31-11 29.9 30.8 1.01 
500 0.4405 1.985 170.4 38.68 33:9 38.8 0.998 
550 0.4005 1.997 188.4 47.04 37.9 47.4 0.993 
600 0.3652 2.026 206.7 56.60 42.2 57.0 0.993 
650 0.3380 2.056 224.7 66.48 46.4 66.8 0.996 
700 0.3140 2.085 242.6 77.26 50.5 Lil 1.00 
750 0.2931 2.119 260.4 88.84 54.9 88.4 1.00 
800 0.2739 2.152 278.6 101.7 59.2 100 1.01 
850 0.2579 2.186 296.9 115.1 63.7 113 1.02 


“Adapted from References 8, 14, and 15. 
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TABLE A.5 Thermophysical Properties of Saturated Fluids“ 


Saturated Liquids 

T p Cp p10? v- 10° k-10° a:10’ B-10° 
(K) (kg/m?) (kJ/kg: K) (N-s/m’) (m/s) (W/m: K) (m?/s) Pr (K7) 
Engine Oil (Unused) 

273 899.1 1.796 385 4280 147 0.910 47,000 0.70 
280 895.3 1.827 217 2430 144 0.880 27,500 0.70 
290 890.0 1.868 99.9 1120 145 0.872 12,900 0.70 
300 884.1 1.909 48.6 550 145 0.859 6400 0.70 
310 877.9 1.951 29.3 288 145 0.847 3400 0.70 
320 871.8 1.993 14.1 161 143 0.823 1965 0.70 
330 865.8 2.035 8.36 96.6 141 0.800 1205 0.70 
340 859.9 2.076 5.31 61.7 139 0.779 793 0.70 
350 853.9 2.118 3.56 41.7 138 0.763 546 0.70 
360 847.8 2.161 2,92 29.7 138 0.753 395 0.70 
370 841.8 2.206 1.86 22.0 137 0.738 300 0.70 
380 836.0 2.250 1.41 16.9 136 0.723 233 0.70 
390 830.6 2.294 1.10 13.3 135 0.709 187 0.70 
400 825.1 2337 0.874 10.6 134 0.695 152 0.70 
410 818.9 2.381 0.698 8.52 133 0.682 125 0.70 
420 812.1 2.427 0.564 6.94 133 0.675 103 0.70 
430 806.5 2.471 0.470 5.83 132 0.662 88 0.70 
Ethylene Glycol [C,H,(OH),] 

273 1130.8 2.294 6:51 57.6 242 0.933 617 0.65 
280 1125.8 2.323 4.20 37.3 244 0.933 400 0.65 
290 1118.8 2.368 2.47 22.1 248 0.936 236 0.65 
300 1114.4 2.415 Ly 14.1 252 0.939 151 0.65 
310 1103.7 2.460 1.07 9.65 255 0.939 103 0.65 
320 1096.2 2.505 0.757 6.91 258 0.940 73.5 0.65 
330 1089.5 2.549 0.561 5.15 260 0.936 55.0 0.65 
340 1083.8 2.592 0.431 3.98 261 0.929 42.8 0.65 
350 1079.0 2.637 0.342 S17: 261 0.917 34.6 0.65 
360 1074.0 2.682 0.278 2.59 261 0.906 28.6 0.65 
370 1066.7 2.728 0.228 2.14 262 0.900 23.7 0.65 
373 1058.5 2.742 0.215 2.03 263 0.906 22.4 0.65 
Glycerin [C3;H;(OH)3] 

273 1276.0 2.261 1060 8310 282 0.977 85,000 0.47 
280 1271.9 2.298 534 4200 284 0.972 43,200 0.47 
290 1265.8 2.367 185 1460 286 0.955 15,300 0.48 
300 1259.9 2.427 79.9 634 286 0.935 6780 0.48 
310 1253.9 2.490 35.2 281 286 0.916 3060 0.49 
320 1247.2 2.564 21.0 168 287 0.897 1870 0.50 
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TABLE A.5 Continued 


Saturated Liquids (Continued) 


T p Cp p10? v-10° k-108 a:10’ B-10° 
(K) (kg/m?) (kJ/kg: K) (N-s/m?) (m/s) (W/m: K) (m/s) Pr (K7') 


Refrigerant-134a (C,H,F 4) 


230 1426.8 1.249 0.04912 0.3443 112.1 0.629 DD 2.02 
240 1397.7 1.267 0.04202 0.3006 107.3 0.606 5.0 2.11 
250 1367.9 1.287 0.03633 0.2656 102.5 0.583 4.6 2.23 
260 1337.1 1.308 0.03166 0.2368 97.9 0.560 4.2 2.36 
270 1305.1 1;333 0.02775 0.2127 93.4 0.537 4.0 2.53 
280 1271.8 1.361 0.02443 0.1921 89.0 0.514 3:7 Pd he) 
290 1236.8 1.393 0.02156 0.1744 84.6 0.491 3.5 2.98 
300 1199.7 1.432 0.01905 0.1588 80.3 0.468 3.4 3.30 
310 1159.9 1.481 0.01680 0.1449 76.1 0.443 3:3 3.73 
320 1116.8 1.543 0.01478 0.1323 71.8 0.417 3.2 4.33 
330 1069.1 1.627 0.01292 0.1209 67.5 0.388 3.1 5.19 
340 1015.0 1.751 0.01118 0.1102 63.1 0.355 3.1 6.57 
350 951.3 1.961 0.00951 0.1000 58.6 0.314 3.2 9.10 
360 870.1 2.437 0.00781 0.0898 54.1 0.255 3D 15.39 
370 740.3 5.105 0.00580 0.0783 51.8 0.137 | 55.24 


Refrigerant-22 (CHCIF,) 


230 1416.0 1.087 0.03558 0.2513 114.5 0.744 3.4 2.05 
240 1386.6 1.100 0.03145 0.2268 109.8 0.720 3:2 2.16 
250 1356.3 1.117 0.02796 0.2062 105.2 0.695 3.0 2.29 
260 1324.9 1.137 0.02497 0.1884 100.7 0.668 2.8 2.45 
270 1292.1 1.161 0.02235 0.1730 96.2 0.641 27 2.63 
280 1257.9 1.189 0.02005 0.1594 91.7 0.613 2.6 2.86 
290 1221.7 1.223 0.01798 0.1472 87.2 0.583 2:5 3.15 
300 1183.4 1.265 0.01610 0.1361 82.6 0.552 2:5 3.51 
310 1142.2 1.319 0.01438 0.1259 78.1 0.518 2.4 4.00 
320 1097.4 1.391 0.01278 0.1165 73.4 0.481 2.4 4.69 
330 1047.5 1.495 0.01127 0.1075 68.6 0.438 25 5.75 
340 990.1 1.665 0.00980 0.0989 63.6 0.386 2.6 7.56 
350 920.1 1.997 0.00831 0.0904 58.3 0.317 2.8 11.35 
360 823.4 3.001 0.00668 0.0811 53.1 0.215 3.8 23.88 
Mercury (Hg) 

273 13,595 0.1404 0.1688 0.1240 8180 42.85 0.0290 0.181 
300 13,529 0.1393 0.1523 0.1125 8540 45.30 0.0248 0.181 
350 13,407 0.1377 0.1309 0.0976 9180 49.75 0.0196 0.181 
400 13,287 0.1365 0.1171 0.0882 9800 54.05 0.0163 0.181 
450 13,167 0.1357 0.1075 0.0816 10,400 58.10 0.0140 0.181 
500 13,048 0.1353 0.1007 0.0771 10,950 61.90 0.0125 0.182 
550 12,929 0.1352 0.0953 0.0737 11,450 65.55 0.0112 0.184 


600 12,809 0.1355 0.0911 0.0711 11,950 68.80 0.0103 0.187 
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TABLE A.5 Continued 


Saturated Liquid—Vapor, 1 atm? 


Tat Ny, Py Pg a 10° 
Fluid (K) (kJ/kg) (kg/m*) (kg/m*) (N/m) 
Ethanol 351 846 757 1.44 17.7 
Ethylene glycol 470 812 1111° — 32.7 
Glycerin 563 974 1260° — 63.0° 
Mercury 630 301 12,740 3.90 417 
Refrigerant R-134a 247 217 1377 5.26 15.4 
Refrigerant R-22 232 234 1409 4.70 18.1 


“Adapted from References 15-19. 
’ Adapted from References 8, 20, and 21. 
“Property value corresponding to 300 K. 


TABLE A.6 Thermophysical Properties of Saturated Water“ 


Specific Heat of Specific Thermal Expansion 
Volume Vapor- Heat Viscosity Conductivity Prandtl Surface Coeffi- 

Tempera- (m*/kg) ization, (kJ/kg « K) (N - s/m?) (W/m - K) Number Tension, cient, Temper- 
ture, T Pressure, hye o,°10° B,* 10° ature, 
(K) p (bars)? —vs- 10° V, (kJ/kg) cps pg = Meg 10 ps 10° 10°, 10° Prs_ = Pr, = (N/m) (K") T (K) 
273.15 0.00611 1.000 206.3 2502 4.217 1.854 1750 8.02 569 18.2 12.99 0.815 75.5 —68.05 213.19 
275 0.00697 1.000 181.7 2497 4.211 1.855 1652 8.09 574 18.3 12.22 0.817 75.3 —32.74 275 
280 0.00990 =1.000 = 130.4 2485 4.198 1.858 1422 8.29 582 18.6 10.26 0.825 74.8 46.04 280 
285 0.01387 1.000 99.4 2473 4.189 1.861 1225 8.49 590 18.9 8.81 0.833 74.3 114.1 285 
290 0.01917 ~=1.001 69.7 2461 4.184 1.864 1080 8.69 598 19.3 7.56 0.841 73.7 174.0 290 
295 0.02617 = 1.002 51.94 2449 4.181 1.868 959 8.89 606 19:5 6.62 0.849 72.7 227.5 295 
300 0.03531 1.003 39.13 2438 4.179 1.872 855 9.09 613 19.6 5.83 0.857 TL7 276.1 300 
305 0.04712 1.005 29.74 2426 4.178 1.877 769 9.29 620 20.1 5.20 0.865 70.9 320.6 305 
310 0.06221 1.007 22:93 2414 4.178 1.882 695 9.49 628 20.4 4.62 0.873 70.0 361.9 310 
315 0.08132 1.009 17.82 2402 4.179 1.888 631 9.69 634 20.7 4.16 0.883 69.2 400.4 315 
320 0.1053 1.011 13.98 2390 4.180 1.895 577 9.89 640 21.0 3.77 0.894 68.3 436.7 320 
325 0.1351 1.013 11.06 2378 4.182 1.903 528 10.09 645 21.3 3.42 0.901 67.5 471.2 325 
330 0.1719 1.016 8.82 2366 4.184 1.911 489 10.29 650 21.7 3.15 0.908 66.6 504.0 330 
335 0.2167 1.018 7.09 2354 4.186 1.920 453 10.49 656 22.0 2.88 0.916 65.8 535.5 335 
340 0.2713 1.021 5.74 2342 4.188 1.930 420 10.69 660 22.3 2.66 0.925 64.9 566.0 340 
345 0.3372 1.024 4.683 2329 4.191 1.941 389 10.89 664 22.6 2.45 0.933 64.1 595.4 345 
350 0.4163 1.027 3.846 2317 4.195 1.954 365 11.09 668 23.0 2.29 0.942 63.2 624.2 350 
355 0.5100 1.030 3.180 2304 4.199 1.968 343 11.29 671 23.3 2.14 0.951 62.3 652.3 355 
360 0.6209 1.034 2.645 2291 4.203 = 1.983 324 11.49 674 25:1 2.02 0.960 61.4 697.9 360 
365 0.7514 1.038 2.212 2278 4.209 1.999 306 11.69 677 24.1 1.91 0.969 60.5 707.1 365 
370 0.9040 1.041 1.861 2265 4.214 2.017 289 11.89 679 24.5 1.80 0.978 59.5 728.7 370 
373.15 1.0133 1.044 1.679 2257 4.217 2.029 279 12.02 680 24.8 1.76 0.984 58.9 750.1 373.15 
375 1.0815 1.045 1.574 2252 4.220 2.036 274 12.09 681 24.9 1.70 0.987 58.6 761 375 
380 1.2869 1.049 1.337 2239 4.226 2.057 260 12.29 683 25.4 1.61 0.999 57.6 788 380 
385 1.5233 1.053 1.142 2225 4.232 2.080 248 12.49 685 25.8 1.53 1.004 56.6 814 385 
390 1.794 1.058 0.980 2212 4.239 2.104 237 12.69 686 26.3 1.47 1.013 55.6 841 390 
400 2.455 1.067 0.731 2183 4.256 2.158 217 13.05 688 27.2 1.34 = 1.033 53.6 896 400 
410 3.302 1.077 0.553 2153 4.278 2.221 200 13.42 688 28.2 1.24 1.054 51:5 952 410 
420 4.370 1.088 0.425 2123 4.302 2.291 185 13.79 688 29.8 1.16 1.075 49.4 1010 420 
430 5.699 1.099 0.331 2091 4.331 2.369 173 14.14 685 30.4 1.09 1.10 47.2 430 
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TABLE A.6 Continued 


Tempera- 
ture, T 
(K) 


440 
450 
460 
470 
480 


490 
500 
510 
520 
530 


540 
550 
560 
570 
580 


590 
600 
610 
620 
625 


630 
635 
640 
645 
647.3° 


Pressure, 


p (bars)? 


12333 

9.319 
11.71 
14.55 
17.90 


21.83 
26.40 
31.66 
37.70 
44.58 


52.38 
61.19 
71.08 
82.16 
94.51 


108.3 
123.5 
137.3 
159.1 
169.1 


179.7 
190.9 
202.7 
215.2 
221.2 


Specific 
Volume 
(m?/kg) 


Us* 10° 


1.110 
1.123 
1.137 
1.152 
1.167 


1.184 
1.203 
1.222 
1.244 
1.268 


1.294 
1.323 
e339 
1.392 
1.433 


1.482 
1.541 
1.612 
1.705 
1.778 


1.856 
1.935 
2.075 
2.351 
3.170 


Heat of 
Vapor- 
ization, 
Nye 
(kJ/kg) 
2059 
2024 
1989 
1951 
1912 


1870 
1825 
1779 
1730 
1679 


1622 
1564 
1499 
1429 
1353 


1274 
1176 
1068 
941 
858 


Specific Thermal 

Heat Viscosity Conductivity Prandtl 
(kJ/kg - K) (N - s/m’) (Wim - K) Number 
pg Cag ps + 10° Me" 10° ky- 10° k,° 10° Pry Pr, 
4.36 2.46 162 14.50 682 31.7 1.04 1.12 
4.40 2.56 152 14.85 678 33:1 0.99 1.14 
4.44 2.68 143 15.19 673 34.6 0.95 1.17 
4.48 2.79 136 15.54 667 36.3 0.92 1.20 
4.53 2.94 129 15.88 660 38.1 0.89 = 1.23 
4.59 3.10 124 16.23 651 40.1 0.87 1.25 
4.66 B27 118 16.59 642 42.3 0.86 = 1.28 
4.74 3.47 113 16.95 631 44.7 0.85 1.31 
4.84 3.70 108 17.33 621 47.5 0.84 1.35 
4.95 3.96 104 17.72 608 50.6 0.85 1.39 
5.08 4.27 101 18.1 594 54.0 0.86 = 1.43 
5.24 4.64 97 18.6 580 58.3 0.87 1.47 
5.43 5.09 94 19.1 563 63.7 0.90 1.52 
5.68 5.67 91 19.7 548 76.7 0.94 1.59 
6.00 6.40 88 20.4 528 76.7 0.99 1.68 
6.41 7.35 84 21:5 513 84.1 1.05 1.84 
7.00 8.75 81 22.7 497 92.9 1.14 2.15 
7.85 11.1 77 24.1 467 103 1.30 2.60 
9.35 15.4 72 25.9 44 114 1.52 3.46 
10.6 18.3 70 27.0 430 121 1.65 4.20 

12.6 22.1 67 28.0 412 130 2.0 4.8 

16.4 27.6 64 30.0 392 141 2.7 6.0 

26 42 59 32.0 367 155 4.2 9.6 

90 — 54 37.0 331 178 12 26 

00 00 45 45.0 238 238 00 00 


Surface 
Tension, 
Os 10° 
(N/m) 
45.1 
42.9 
40.7 
38.5 
36.2 


33.9 
31.6 
29.3 
26.9 
24.5 


22.1 
19.7 
17.3 
15.0 
12.8 


10.5 
8.4 
6.3 
4.5 
3.5 


2.6 
1.5 
0.8 
0.1 
0.0 


Expansion 
Coeffi- 
cient, 
B+ 10° 
(K~") 


Temper- 
ature, 
T (K) 


440 
450 
460 
470 
480 


490 
500 
510 
520 
530 


540 
550 
560 
570 
580 


590 
600 
610 
620 
625 


630 
635 
640 
645 
647.3° 


“Adapted from Reference 22. 


*1 bar = 10° N/m’. 
“Critical temperature. 
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TABLE A.7 Thermophysical Properties of Liquid Metals* 


921 


Melting 
Point T p Cp y-10’ k a-10° 
Composition (K) (K) (kg/m°) (kJ/kg: K) (m?/s) (W/m - K) (m?/s) Pr 
Bismuth 544 589 10,011 0.1444 1.617 16.4 1.138 0.0142 
811 9739 0.1545 1.133 15.6 1.035 0.0110 
1033 9467 0.1645 0.8343 15.6 1.001 0.0083 
Lead 600 644 10,540 0.159 2.276 16.1 1.084 0.024 
755 10,412 0.155 1.849 15.6 1.223 0.017 
977 10,140 — 1.347 14.9 — — 
Potassium 337 422 807.3 0.80 4.608 45.0 6.99 0.0066 
700 741.7 0.75 2.397 39.5 7.07 0.0034 
977 674.4 0.75 1.905 33.1 6.55 0.0029 
Sodium 371 366 929.1 1.38 7.516 86.2 6.71 0.011 
644 860.2 1.30 3.270 72.3 6.48 0.0051 
977 778.5 1.26 2.285 59.7 6.12 0.0037 
Nak, 292 366 887.4 1.130 6.522 25.6 2992 0.026 
(45%/55%) 644 821.7 1.055 2.871 27.5 317 0.0091 
977 740.1 1.043 2.174 28.9 3.74 0.0058 
Nak, 262 366 849.0 0.946 5.797 24.4 3.05 0.019 
(22%/78%) 672 775.3 0.879 2.666 26.7 3.92 0.0068 
1033 690.4 0.883 2.118 — — — 
PbBi, 398 422 10,524 0.147 — 9.05 0.586 — 
(44.5%/55.5%) 644 10,236 0.147 1.496 11.86 0.790 0.189 
922 9835 a 1.171 — — — 
Mercury 234 See Table A.5 


“Adapted from Reference 23. 


TABLE A.8 Total, Normal (n) or Hemispherical (h) Emissivity of Selected Surfaces 


Metallic Solids and Their Oxides“ 


Description/Composition 


Aluminum 
Highly polished, film 
Foil, bright 
Anodized 
Chromium 
Polished or plated 
Copper 
Highly polished 
Stably oxidized 
Gold 
Highly polished or film 
Foil, bright 
Molybdenum 
Polished 
Shot-blasted, rough 
Stably oxidized 
Nickel 
Polished 
Stably oxidized 
Platinum 
Polished 
Silver 
Polished 
Stainless steels 
Typical, polished 
Typical, cleaned 
Typical, lightly oxidized 
Typical, highly oxidized 
AISI 347, stably oxidized 
Tantalum 
Polished 
Tungsten 
Polished 


(A) 
(A) 
(A) 


(n) 


(A) 
(A) 


(A) 
(A) 


(h) 
(h) 
(h) 


(h) 
(h) 


(h) 
(A) 
(n) 
(n) 
(n) 
(n) 
(n) 
(h) 


(A) 


Emissivity, €,, or €,, at Various Temperatures (K) 


100 


0.02 
0.06 


0.05 


0.01 
0.06 


200 


0.03 
0.06 


0.07 


0.02 
0.07 


300 


0.04 
0.07 
0.82 


0.10 


0.03 


0.03 
0.07 


0.02 


0.17 
0.22 


400 


0.05 


0.76 


0.12 


0.03 


0.03 


0.02 


0.17 
0.22 


600 


0.06 


0.14 


0.04 
0.50 


0.04 


0.06 
0.25 
0.80 


0.09 
0.40 


0.03 


0.19 
0.24 


0.87 


800 


0.04 
0.58 


1000 


0.04 
0.80 


0.06 


0.10 
0.31 


0.14 


0.57 


0.13 


0.08 


0.30 
0.35 
0.40 
0.70 
0.89 


0.10 


1200 


0.12 
0.35 


0.17 


0.15 


0.76 


1500 


0.15 
0.42 


0.18 


2000 


0.21 


2500 


0.26 


GGO 
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TABLE A.8 Continued 


Nonmetallic Substances® 


Temperature Emissivity 
Description/Composition (K) E 
Aluminum oxide (n) 600 0.69 
1000 0.55 
1500 0.41 
Asphalt pavement (A) 300 0.85-0.93 
Building materials 
Asbestos sheet (h) 300 0.93-0.96 
Brick, red (h) 300 0.93-0.96 
Gypsum or plaster board (h) 300 0.90-0.92 
Wood (h) 300 0.82-0.92 
Cloth (h) 300 0.75-0.90 
Concrete (h) 300 0.88-0.93 
Glass, window (A) 300 0.90-0.95 
Ice (h) 273 0.95-0.98 
Paints 
Black (Parsons) (h) 300 0.98 
White, acrylic (h) 300 0.90 
White, zinc oxide (h) 300 0.92 
Paper, white (h) 300 0.92-0.97 
Pyrex (n) 300 0.82 
600 0.80 
1000 0.71 
1200 0.62 
Pyroceram (n) 300 0.85 
600 0.78 
1000 0.69 
1500 0.57 
Refractories (furnace liners) 
Alumina brick (n) 800 0.40 
1000 0.33 
1400 0.28 
1600 0.33 
Magnesia brick (n) 800 0.45 
1000 0.36 
1400 0.31 
1600 0.40 
Kaolin insulating brick (n) 800 0.70 
1200 0.57 
1400 0.47 
1600 0.53 
Sand (h) 300 0.90 
Silicon carbide (n) 600 0.87 
1000 0.87 
1500 0.85 
Skin (h) 300 0.95 


Snow (A) 273 0.82-0.90 
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TABLE A.8 Continued 


Nonmetallic Substances® 


Temperature Emissivity 
Description/Composition (K) € 
Soil (h) 300 0.93-0.96 
Rocks (h) 300 0.88-0.95 
Teflon (h) 300 0.85 
400 0.87 
500 0.92 
Vegetation (h) 300 0.92-0.96 
Water (h) 300 0.96 


“Adapted from Reference 1. 
’ Adapted from References 1, 9, 24, and 25. 


TABLE A.9 Solar Radiative Properties for Selected Materials“ 


Description/Composition Qs € ale Ts 
Aluminum 

Polished 0.09 0.03 3.0 

Anodized 0.14 0.84 0.17 

Quartz overcoated 0.11 0.37 0.30 

Foil 0.15 0.05 3.0 
Brick, red (Purdue) 0.63 0.93 0.68 
Concrete 0.60 0.88 0.68 
Galvanized sheet metal 

Clean, new 0.65 0.13 5.0 

Oxidized, weathered 0.80 0.28 2.9 
Glass, 3.2-mm thickness 

Float or tempered 0.79 

Low iron oxide type 0.88 
Metal, plated 

Black sulfide 0.92 0.10 9.2 

Black cobalt oxide 0.93 0.30 3.1 

Black nickel oxide 0.92 0.08 11 

Black chrome 0.87 0.09 9.7 
Mylar, 0.13-mm thickness 0.87 
Paints 

Black (Parsons) 0.98 0.98 1.0 

White, acrylic 0.26 0.90 0.29 

White, zinc oxide 0.16 0.93 0.17 
Plexiglas, 3.2-mm thickness 0.90 
Snow 

Fine particles, fresh 0.13 0.82 0.16 

Ice granules 0.33 0.89 0.37 
Tedlar, 0.10-mm thickness 0.92 
Teflon, 0.13-mm thickness 0.92 


“Adapted with permission from Reference 25. 


>The emissivity values in this table correspond to a surface temperature of approximately 300 K. 
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Appendix B = Mathematical Relations and Functions 


B.1 Hyperbolic Functions' 


x sinh x cosh x tanh x x sinh x cosh x tanh x 
0.00 0.0000 1.0000 0.00000 2.00 3.6269 3.7622 0.96403 
0.10 0.1002 1.0050 0.09967 2.10 4.0219 4.1443 0.97045 
0.20 0.2013 1.0201 0.19738 2.20 4.4571 4.5679 0.97574 
0.30 0.3045 1.0453 0.29131 2.30 4.9370 5.0372 0.98010 
0.40 0.4108 1.0811 0.37995 2.40 5.4662 5.5569 0.98367 
0.50 0.5211 1.1276 0.46212 2.50 6.0502 6.1323 0.98661 
0.60 0.6367 1.1855 0.53705 2.60 6.6947 6.7690 0.98903 
0.70 0.7586 1.2552 0.60437 2.70 7.4063 7.4735 0.99101 
0.80 0.8881 1.3374 0.66404 2.80 8.1919 8.2527 0.99263 
0.90 1.0265 1.4331 0.71630 2.90 9.0596 9.1146 0.99396 
1.00 1.1752 1.5431 0.76159 3.00 10.018 10.068 0.99505 
1.10 1.3356 1.6685 0.80050 3.50 16.543 16.573 0.99818 
1.20 1.5095 1.8107 0.83365 4.00 27.290 27.308 0.99933 
1.30 1.6984 1.9709 0.86172 4.50 45.003 45.014 0.99975 
1.40 1.9043 2.1509 0.88535 5.00 74.203 74.210 0.99991 
1.50 2.1293 2.3524 0.90515 6.00 201.71 201.72 0.99999 
1.60 2.3756 2.5775 0.92167 7.00 548.32 548.32 1.0000 

1.70 2.6456 2.8283 0.93541 8.00 1490.5 1490.5 1.0000 

1.80 2.9422 3.1075 0.94681 9.00 4051.5 4051.5 1.0000 

1.90 3.2682 3.4177 0.95624 10.000 11013 11013 1.0000 


'The hyperbolic functions are defined as 


x 


e*—e*_ sinhx 


F Ligee = eee = 
sinh x = >(e*—e ~* coshx = >(e*+e~* tanh x = — ; 
2 ( ) 2 ( ) e“+e*  coshx 


The derivatives of the hyperbolic functions of the variable u are given as 


a 78 du d : du d 1 du 
— (sinh u) = (cosh u cosh uw) = (sinh tanh uw) = 
dx ( y= ) dx dx ( y= ud dx dx ¢ y ( dx 


cosh? u 
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B.2 Gaussian Error Function 


1 


929 


w erf w w erf w w erf w 
0.00 0.00000 0.36 0.38933 1.04 0.85865 
0.02 0.02256 0.38 0.40901 1.08 0.87333 
0.04 0.04511 0.40 0.42839 1.12 0.88679 
0.06 0.06762 0.44 0.46622 1.16 0.89910 
0.08 0.09008 0.48 0.50275 1.20 0.91031 
0.10 0.11246 0.52 0.53790 1.30 0.93401 
0.12 0.13476 0.56 0.57162 1.40 0.95228 
0.14 0.15695 0.60 0.60386 1.50 0.96611 
0.16 0.17901 0.64 0.63459 1.60 0.97635 
0.18 0.20094 0.68 0.66378 1.70 0.98379 
0.20 0.22270 0.72 0.69143 1.80 0.98909 
0.22 0.24430 0.76 0.71754 1.90 0.99279 
0.24 0.26570 0.80 0.74210 2.00 0.99532 
0.26 0.28690 0.84 0.76514 2.20 0.99814 
0.28 0.30788 0.88 0.78669 2.40 0.99931 
0.30 0.32863 0.92 0.80677 2.60 0.99976 
0.32 0.34913 0.96 0.82542 2.80 0.99992 
0.34 0.36936 1.00 0.84270 3.00 0.99998 


'The Gaussian error function is defined as 


The complementary error function is defined as 


2 wey, 
etw= | e”’ dv 
Vir io 


erfe w= 1-—erfw 
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B.3 The First Four Roots of the Transcendental Equation, 


é, tan €, = Bi, for Transient Conduction in a Plane Wall 


hL 

Bi= E é, & & &4 
0 0 3.1416 6.2832 9.4248 
0.001 0.0316 3.1419 6.2833 9.4249 
0.002 0.0447 3.1422 6.2835 9.4250 
0.004 0.0632 3.1429 6.2838 9.4252 
0.006 0.0774 3.1435 6.2841 9.4254 
0.008 0.0893 3.1441 6.2845 9.4256 
0.01 0.0998 3.1448 6.2848 9.4258 
0.02 0.1410 3.1479 6.2864 9.4269 
0.04 0.1987 3.1543 6.2895 9.4290 
0.06 0.2425 3.1606 6.2927 9.4311 
0.08 0.2791 3.1668 6.2959 9.4333 
0.1 0.3111 3.1731 6.2991 9.4354 
0.2 0.4328 3.2039 6.3148 9.4459 
0.3 0.5218 3.2341 6.3305 9.4565 
0.4 0.5932 3.2636 6.3461 9.4670 
0.5 0.6533 3.2923 6.3616 9.4775 
0.6 0.7051 3.3204 6.3770 9.4879 
0.7 0.7506 3.3477 6.3923 9.4983 
0.8 0.7910 3.3744 6.4074 9.5087 
0.9 0.8274 3.4003 6.4224 9.5190 
1.0 0.8603 3.4256 6.4373 9.5293 
1.5 0.9882 3.5422 6.5097 9.5801 
2.0 1.0769 3.6436 6.5783 9.6296 
3.0 1.1925 3.8088 6.7040 9.7240 
4.0 1.2646 3.9352 6.8140 9.8119 
5.0 1.3138 4.0336 6.9096 9.8928 
6.0 1.3496 4.1116 6.9924 9.9667 
7.0 1.3766 4.1746 7.0640 10.0339 
8.0 1.3978 4.2264 7.1263 10.0949 
9.0 1.4149 4.2694 7.1806 10.1502 
10.0 1.4289 4.3058 7.2281 10.2003 
15.0 1.4729 4.4255 7.3959 10.3898 
20.0 1.4961 4.4915 7.4954 10.5117 
30.0 1.5202 4.5615 7.6057 10.6543 
40.0 1.5325 4.5979 7.6647 10.7334 
50.0 1.5400 4.6202 7.7012 10.7832 
60.0 1.5451 4.6353 7.7259 10.8172 
80.0 1.5514 4.6543 7.7573 10.8606 
100.0 15552 4.6658 7.7764 10.8871 
i) 1.5708 4.7124 7.8540 10.9956 


Appendix B = Mathematical Relations and Functions 


B.4_ Bessel Functions of the First Kind 
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x 


0.0 
0.1 
0.2 
0.3 
0.4 


0.5 
0.6 
0.7 
0.8 
0.9 


1.0 
1.1 
1.2 
1.3 
1.4 


1.5 
1.6 
1.7 
1.8 
1.9 


2.0 
2.1 
22 
2.3 
2.4 


Jo) 


1.0000 
0.9975 
0.9900 
0.9776 
0.9604 


0.9385 
0.9120 
0.8812 
0.8463 
0.8075 


0.7652 
0.7196 
0.6711 
0.6201 
0.5669 


0.5118 
0.4554 
0.3980 
0.3400 
0.2818 


0.2239 
0.1666 
0.1104 
0.0555 
0.0025 


Ji) 


0.0000 
0.0499 
0.0995 
0.1483 
0.1960 


0.2423 
0.2867 
0.3290 
0.3688 
0.4059 


0.4400 
0.4709 
0.4983 
0.5220 
0.5419 


0.5579 
0.5699 
0.5778 
0.5815 
0.5812 


0.5767 
0.5683 
0.5560 
0.5399 
0.5202 
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B.5 Modified Bessel Functions’ of the First and Second Kinds 


x e*Ig(x) e*T,(x) e*Ky(x) e*K,(x) 
0.0 1.0000 0.0000 90 a0 
0.2 0.8269 0.0823 2.1407 5.8334 
0.4 0.6974 0.1368 1.6627 3.2587 
0.6 0.5993 0.1722 1.4167 2.3739 
0.8 0.5241 0.1945 1.2582 1.9179 
1.0 0.4657 0.2079 1.1445 1.6361 
1:2 0.4198 0.2152 1.0575 1.4429 
1.4 0.3831 0.2185 0.9881 1.3010 
1.6 0.3533 0.2190 0.9309 1.1919 
1.8 0.3289 0.2177 0.8828 1.1048 
2.0 0.3085 0.2153 0.8416 1.0335 
22. 0.2913 0.2121 0.8056 0.9738 
2.4 0.2766 0.2085 0.7740 0.9229 
2.6 0.2639 0.2046 0.7459 0.8790 
2.8 0.2528 0.2007 0.7206 0.8405 
3.0 0.2430 0.1968 0.6978 0.8066 
3:2 0.2343 0.1930 0.6770 0.7763 
3.4 0.2264 0.1892 0.6579 0.7491 
3.6 0.2193 0.1856 0.6404 0.7245 
3.8 0.2129 0.1821 0.6243 0.7021 
4.0 0.2070 0.1787 0.6093 0.6816 
4.2 0.2016 0.1755 0.5953 0.6627 
4.4 0.1966 0.1724 0.5823 0.6453 
4.6 0.1919 0.1695 0.5701 0.6292 
4.8 0.1876 0.1667 0.5586 0.6142 
5.0 0.1835 0.1640 0.5478 0.6003 
5.2 0.1797 0.1614 0.5376 0.5872 
5.4 0.1762 0.1589 0.5279 0.5749 
5.6 0.1728 0.1565 0.5188 0.5633 
5.8 0.1696 0.1542 0.5101 0.5525 
6.0 0.1666 0.1520 0.5019 0.5422 
6.4 0.1611 0.1479 0.4865 0.5232 
6.8 0.1561 0.1441 0.4724 0.5060 
12. 0.1515 0.1405 0.4595 0.4905 
7.6 0.1473 0.1372 0.4476 0.4762 
8.0 0.1434 0.1341 0.4366 0.4631 
8.4 0.1398 0.1312 0.4264 0.4511 
8.8 0.1365 0.1285 0.4168 0.4399 
9.2 0.1334 0.1260 0.4079 0.4295 
9.6 0.1305 0.1235 0.3995 0.4198 

10.0 0.1278 0.1213 0.3916 0.4108 


Tri) = L,10) — 2nlx)l,) 
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Appendix C = One-Dimensional, Steady-State Conduction with Generation 


In Section 3.5 the problem of conduction with thermal energy generation is considered for 
one-dimensional, steady-state conditions. The form of the heat equation differs, according 
to whether the system is a plane wall, a cylindrical shell, or a spherical shell (Figure C.1). 
In each case, there are several options for the boundary condition at each surface, and 
hence a greater number of possibilities for specific forms of the temperature distribution 
and heat rate (or heat flux). 

An alternative to solving the heat equation for each possible combination of boundary 
conditions involves obtaining a solution by prescribing boundary conditions of the first 
kind, Equation 2.31, at both surfaces and then applying an energy balance to each surface at 
which the temperature is unknown. For the geometries of Figure C.1, with uniform temper- 
atures T,, and T,, prescribed at each surface, solutions to appropriate forms of the heat 
equation are readily obtained and are summarized in Table C.1. The temperature distribu- 
tions may be used with Fourier’s law to obtain corresponding distributions for the heat flux 
and heat rate. If T,, and 7,, are both known for a particular problem, the expressions of 
Table C.1 provide all that is needed to completely determine related thermal conditions. If 
T,,, and/or T,, are not known, the results may still be used with surface energy balances to 
determine the desired thermal conditions. 


Plane Wall 


+L 


fs 


Cylindrical Wall 


es 


Spherical Wall 
TSA F2 
Ficure C.1 One-dimensional conduction 
Tis systems with uniform thermal energy generation: 


a plane wall with asymmetric surface conditions, 
a cylindrical shell, and a spherical shell. 
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TABLE C.1 One-Dimensional, Steady-State Solutions to the 
Heat Equation for Plane, Cylindrical, and Spherical Walls 
with Uniform Generation and Asymmetrical Surface Conditions 


Plane Wall 


Cylindrical Wall 


Spherical Wall 


Plane Wall 


Cylindrical Wall 


Spherical Wall 


Plane Wall 


Cylindrical Wall 


Spherical Wall 


Temperature Distribution 


- ql’ x \ Tea — Ty x T.1 + Ty 
To) == (: =) Pa te (C.1) 
_ gra r qr3 i In(7,/r) 
T(r) = T,» At ( “| E (1 “) + (To 7, [mele (C.2) 
+2 +2 2 
= q"2 r qr Pry, (I/r) — (A/ry) 
T(r) = T,> 6k (: ‘] EB ( “) + (Ty 7.) (i/r,) — dir) (C.3) 
Heat Flux 
mu” 5 k 
qd (x) = qx — ay, Fs2 = T,,1) (C.4) 
ia(, 8 
_ We -S hea Ty 
ny =a nr C5) 
T= 5 r In(r3/7,) i 
_ -S) 4 aT 
qr LOK\ or and 
y= ; (C.6) 
3 r-[(/r,) — A/79)] 
Heat Rate 
g(x) = las -£0.- nA (C7) 
+2 2 
_ sp 9 2aLk_ | 92 ry), 
qr) = quLr intaire) E ( “) + (T..9 7.0] (C.8) 
antl 22(1 71) 4 oy — 7 
gAar? 7 6k re) + (Ty > sD 
qr) = (C.9) 


3 (/r,) — (l/r) 


Alternative surface conditions could involve specification of a uniform surface heat 
flux (boundary condition of the second kind, Equation 2.32 or 2.33) or a convection 
condition (boundary condition of the third kind, Equation 2.34). In each case, the surface 
temperature would not be known but could be determined by applying a surface energy 
balance. The forms that such balances may take are summarized in Table C.2. Note that, 
to accommodate situations for which a surface of interest may adjoin a composite wall in 
which there is no generation, the boundary condition of the third kind has been applied 
by using the overall heat transfer coefficient U in lieu of the convection coefficient h. 
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TABLE C.2 Alternative Surface Conditions and Energy Balances for 
One-Dimensional, Steady-State Solutions to the Heat Equation for 
Plane, Cylindrical, and Spherical Walls with Uniform Generation 


Plane Wall 

Uniform Surface Heat Flux 

”" . k 
x=—L: Gs = — Qh — aL (T..9 — T,) (C.10) 

” . k 
x= tL: Gs.2 = qh — aL (Ty... — T,.) (C.11) 
Prescribed Transport Coefficient and Ambient Temperature 
xk UT Ty) = Ea Ta) (C.12) 
xStL: UXT .g~ Toa) = Gb - Ea Tas) (C.13) 

Cylindrical Wall 


Uniform Surface Heat Flux 


ss 5 
qr ry 
k 1 + (T, D. 
ain El “) (1.2 | 
diy = 


r=r s.1 5) 7, In(r,/r,) (C.14) 
ae. 2 
i zie ( ") eee 7.0] 
= ee (C.15) 
— — rp In(r,/r)) , 
Prescribed Transport Coefficient and Ambient Temperature 
a 4 
. 9) 2 eS eae: 
ag tire C.16 
eam ie (Tx.1 sl) 2 7, Inry/r,) (C.16) 
oD 2 
. k ee 1 = t (T, T. 
=r UT — Ta = t2- A — C.17) 
pte as 2) 2 ry In(7)/r)) c 
Spherical Wall 


Uniform Surface Heat Flux 


in ‘ 
qr ry 
k 1 + (T, T, 
an i ") = | 


She as C.18 
=——— as Ald/r) — Gir] eu 


aia, 2 
q"2 rr), 
- i a ( “) (Ta r,)| 


3 r3[(/r) — A/r5)] 


(C.19) 
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TABLE C.2 Continued 


Prescribed Transport Coefficient and Ambient Temperature 


= 9 2 
qr ry 
k 1 + (T. de. 
qn | 6k ( ") Mea | 


=r U\(T. T, = 5 C.20 
ae ee ridin) ~ Uir,)] en 
ees 2 
iE ( “| G r.)| 
F=f: UT. — To) = = = (C.21) 
m3 r3[(/r,) — (/r5)] 


As an example, consider a plane wall for which a uniform (known) surface temperature 
T,,, 18 prescribed at x = —L and a uniform heat flux gq’, is prescribed at x = +L. Equation 
C.11 may be used to evaluate T,,, and Equations C.1, C.4, and C.7 may then be used to 
determine the temperature, heat flux, and heat rate distributions, respectively. 

Special cases of the foregoing configurations involve a plane wall with one adiabatic sur- 
face, a solid cylinder (a circular rod), and a sphere (Figure C.2). Subject to the requirements that 
dTldx.,. = 0 and dT/dr|,_) = 0, the corresponding forms of the heat equation may be solved to 
obtain Equations C.22 through C.24 of Table C.3. The solutions are based on prescribing a 


Plane Wall 


Solid cylinder 


FicuRE C.2 One-dimensional conduction 
systems with uniform thermal energy 
generation: a plane wall with one adiabatic 


surface, a cylindrical rod, and a sphere. 
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TABLE C.3 One-Dimensional, Steady-State Solutions to the Heat 


Equation for Uniform Generation in a Plane Wall with One 


Adiabatic Surface, a Solid Cylinder, and a Solid Sphere 


Temperature Distribution 


Plane Wall T as 1-~J)ar C.22 
ane Wa (x) = Ok 2 ‘ (C.22) 
A qv r? 
Circular Rod T(r) = ba per (C.23) 
4k un 
Sph T(r) vo (: °) T. (C.24) 
x — = ea 7 . 
een "6k re) 
Heat Flux 
Plane Wall q(x) = gx (C.25) 
. qr 
Circular Rod q'(r) = a (C.26) 
qr 
Sphere q'(r) = 3 (C.27) 
Heat Rate 
Plane Wall q(x) = qxA, (C.28) 
Circular Rod g(r) = qaLr* (C.29) 
gaur? 
Sphere qr) = 3 (C.30) 


uniform temperature 7, at x = L and r = r,. Using Fourier’s law with the temperature distribu- 
tions, the heat flux (Equations C.25 through C.27) and heat rate (Equations C.28 through C.30) 
distributions may also be obtained. If 7, is not known, it may be determined by applying a 
surface energy balance, appropriate forms of which are summarized in Table C.4. 


TABLE C.4 Alternative Surface Conditions and 
Energy Balances for One-Dimensional, Steady- 
State Solutions to the Heat Equation for Uniform 
Generation in a Plane Wall with One Adiabatic 
Surface, a Solid Cylinder, and a Solid Sphere 


Prescribed Transport Coefficient and Ambient Temperature 


Plane Wall 
x=L: gL = U(T, — T.) (C.31) 
Circular Rod 

qr, 
r=1¢: 7 — UT; — To) (C.32) 
Sphere 

qe 
r= Ty 3 UT, — T.) (C.33) 
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Appendix D = The Gauss-Seidel Method 


The Gauss-Seidel method is an example of an iterative approach for solving systems of linear 
algebraic equations, such as that represented by Equation 4.47, reproduced below. 


Ay Ty + AyyTy + A437; + +++ + AyyTy = Cy 


Ay Ty + Ay, + Ay3T, + +** + AgyTy = Cy (4.47) 


anil, Ann te ay3T, a Anynl Ny = Cy 


For small numbers of equations, Gauss—Seidel iteration can be performed by hand. Appli- 
cation of the Gauss-Seidel method to the system of equations represented by Equation 4.47 
is facilitated by the following procedure. 


1. To whatever extent possible, the equations should be reordered to provide diagonal 
elements whose magnitudes are larger than those of other elements in the same row. 
That is, it is desirable to sequence the equations such that la, Al > lay. ay3 
lay,| > lay, Ap3 ; and so on. 


> ry ain 3 


> 9+ +9 (Aon 


2. After reordering, each of the N equations should be written in explicit form for the 
temperature associated with its diagonal element. Each temperature in the solution vec- 
tor would then be of the form 


- C; el aj : N ai a 
(=o 2G a (D.1) 


j=iti1 
where i = 1, 2,..., N. The superscript k refers to the level of the iteration. 


3. An initial (k = 0) value is assumed for each temperature 7;. Subsequent computations 
may be reduced by selecting values based on rational estimates of the actual solution. 


4. Setting k= 1 in Equation D.1, values of 7; are then calculated by substituting 
assumed (second summation, k —1 = 0) or new (first summation, k = 1) values of 7; 
into the right-hand side. This step is the first (k = 1) iteration. 


5. Using Equation D.1, the iteration procedure is continued by calculating new values of 
T; from the 7; values of the current iteration, where 1 = j < i — 1, and the 7,“°” 
values of the previous iteration, wherei + 1 =j =N. 


6. The iteration is terminated when a prescribed convergence criterion is satisfied. The 
criterion may be expressed as 


T® —-Te | <e (D.2) 


where « represents an error in the temperature that is considered to be acceptable. 


If step 1 can be accomplished for each equation, the resulting system is said to be diago- 
nally dominant, and the rate of convergence is maximized (the number of required iterations 
is minimized). However, convergence may also be achieved in many situations for which 
diagonal dominance cannot be obtained, although the rate of convergence is slowed. The 
manner in which new values of T; are computed (steps 4 and 5) should also be noted. Because 
the 7; for a particular iteration are calculated sequentially, each value can be computed by 
using the most recent estimates of the other T;. This feature is implicit in Equation D.1, where 
the value of each unknown is updated as soon as possible, that is, for 1 = j =i — 1. 


Go.An example problem that utilizes the Gauss—Seidel method is included in Section 48.2. 
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Appendix E = The Convection Transfer Equations 


In Chapter 2 we considered a stationary substance in which heat is transferred by conduc- 
tion and developed means for determining the temperature distribution within the 
substance. We did so by applying conservation of energy to a differential control volume 
(Figure 2.11) and deriving a differential equation that was termed the heat equation. For a 
prescribed geometry and boundary conditions, the equation may be solved to determine the 
corresponding temperature distribution. 

If the substance is not stationary, conditions become more complex. For example, if 
conservation of energy is applied to a differential control volume in a moving fluid, the 
effects of fluid motion (advection) on energy transfer across the surfaces of the control 
volume must be considered, along with those of conduction. The resulting differential 
equation, which provides the basis for predicting the temperature distribution, now requires 
knowledge of the velocity equations derived by applying conservation of mass and 
Newton’s second law of motion to a differential control volume. 

In this appendix we consider conditions involving flow of a viscous fluid in which there is 
concurrent heat transfer. We restrict our attention to the steady, two-dimensional flow of an 
incompressible fluid with constant properties in the x- and y-directions of a Cartesian coordi- 
nate system, and present the differential equations that may be used to predict velocity and tem- 
perature fields within the fluid. These equations can be derived by applying Newton’s second 
law of motion and conservation of mass and energy to a differential control volume in the fluid. 


E.1 Conservation of Mass 


One conservation law that is pertinent to the flow of a viscous fluid is that matter can be 
neither created nor destroyed. For steady flow, this law requires that the net rate at which 
mass enters a control volume (inflow — outflow) must equal zero. Applying this law to a 
differential control volume in the flow yields 


Ou, OU _ 


rae (E.1) 


where u and vu are the x- and y-components of the mass average velocity. 

Equation E.1, the continuity equation, is a general expression of the overall mass con- 
servation requirement, and it must be satisfied at every point in the fluid, provided that the 
fluid can be approximated as incompressible, that is, constant density. 


E.2 Newton’s Second Law of Motion 


The second fundamental law that is pertinent to the flow of a viscous fluid is Newton’s second 
law of motion. For a differential control volume in the fluid, under steady conditions, this 
requirement states that the sum of all forces acting on the control volume must equal the net 
rate at which momentum leaves the control volume (outflow — inflow). 

Two kinds of forces may act on the fluid: body forces, which are proportional to the 
volume, and surface forces, which are proportional to area. Gravitational, centrifugal, mag- 
netic, and/or electric fields may contribute to the total body force, and we designate the x- and 


Oo, These equations are derived in Section 6S.1. 
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y-components of this force per unit volume of fluid as X and Y, respectively. The surface 
forces are due to the fluid static pressure as well as to viscous stresses. 

Applying Newton’s second law of motion (in the x- and y-directions) to a differential 
control volume in the fluid, accounting for body and surface forces, yields 


Ou Ou op (He a) 
u FU = - X (E.2) 
of ox a) ax Ox? dy’ 
Ov Ov op (#2 *) 
u—t+u = ot Y (E.3) 
se ( Ox *) ay | ON Gy? oy 


where p is the pressure and yp is the fluid viscosity. 

We should not lose sight of the physics represented by Equations E.2 and E.3. The two 
terms on the left-hand side of each equation represent the net rate of momentum flow from 
the control volume. The terms on the right-hand side, taken in order, account for the net 
pressure force, the net viscous forces, and the body force. These equations must be satisfied 
at each point in the fluid, and with Equation E.1 they may be solved for the velocity field. 


E.3 Conservation of Energy 


As mentioned at the beginning of this Appendix, in Chapter 2 we considered a stationary 
substance in which heat is transferred by conduction and applied conservation of energy to 
a differential control volume (Figure 2.11) to derive the heat equation. When conservation 
of energy is applied to a differential control volume in a moving fluid under steady condi- 
tions, it expresses that the net rate at which energy enters the control volume, plus the rate 
at which heat is added, minus the rate at which work is done by the fluid in the control vol- 
ume, is equal to zero. After much manipulation, the result can be rewritten as a thermal 
energy equation. For steady, two-dimensional flow of an incompressible fluid with constant 
properties, the resulting differential equation is 


ar. @T\. stot aT : 
pau ox it) (21 1) + wo + j (E.4) 


where T is the temperature, c, is the specific heat at constant pressure, k is the thermal con- 
ductivity, g is the volumetric rate of thermal energy generation, and w®, the viscous dissi- 


pation, is defined as 
_ du, ov\ , du\’ , f(av\ 


The same form of the thermal energy equation, Equation E.4, also applies to an ideal gas 
with negligible pressure variation. 

In Equation E.4, the terms on the left-hand side account for the net rate at which 
thermal energy leaves the control volume due to bulk fluid motion (advection), while the 
terms on the right-hand side account for net inflow of energy due to conduction, viscous 
dissipation, and generation. Viscous dissipation represents the net rate at which mechanical 
work is irreversibly converted to thermal energy due to viscous effects in the fluid. The 
generation term characterizes conversion from other forms of energy (such as chemical, 
electrical, electromagnetic, or nuclear) to thermal energy. 
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Appendix F = Boundary Layer Equations for Turbulent Flow 


It has been noted in Section 6.3 that turbulent flow is inherently unsteady. This behavior is 
shown in Figure F.1, where the variation of an arbitrary flow property P is plotted as a func- 
tion of time at some location in a turbulent boundary layer. The property P could be a velocity 
component or the fluid temperature, and at any instant it may be represented as the sum of a 
time-mean value P and a fluctuating component P’. The average is taken over a time that 
is large compared with the period of a typical fluctuation, and if P is independent of 
time, the time-mean flow is said to be steady. 

Since engineers are typically concerned with the time-mean properties, P, the difficulty 
of solving the time-dependent governing equations is often eliminated by averaging the 
equations over time. For steady (in the mean), incompressible, constant property, boundary 
layer flow with negligible viscous dissipation, using well-established time-averaging proce- 
dures [1], the following forms of the continuity, x-momentum, and energy conservation 
equations may be obtained: 


Ou dU 
a a (F.1) 
_du du _ _14Po ,1d{ ou = 
uatu ay Pda bol ay piv’) (F.2) 
=0f ,.af_ 1.0/,0T aT 
u are By Aa (k By pc,U r') (F.3) 


The equations are like those for the laminar boundary layer, Equations 6.15 through 6.17 
(after neglecting viscous dissipation), except for the presence of additional terms of the 
form a'b’. These terms account for the effect of the turbulent fluctuations on momentum 
and energy transport. 

On the basis of the foregoing results, it is customary to speak of a total shear stress and 
total heat flux, which are defined as 


ou ! - 
Trot = (1 a —pu'v (F.4) 
” oT , ld 
Dot = -(«% _ pc,v T (F.5) 


and consist of contributions due to molecular diffusion and turbulent mixing. From the form 
of these equations we see how momentum and energy transfer rates are enhanced by the exis- 
tence of turbulence. The term —pu'v’ appearing in Equation F.4 represents the momentum 


FicureE F.1 Property variation with time 
Time, t at some point in a turbulent boundary layer. 
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flux due to the turbulent fluctuations, and it is often termed the Reynolds stress. The term 
pc,v'T’ in Equation F.5 represents the heat flux due to the turbulent fluctuations. Unfortu- 
nately, these new terms introduced by the time-averaging process are additional unknowns, 
so that the number of unknowns exceeds the number of equations. Resolving this problem is 
the subject of the field of turbulence modeling [2]. 
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Appendix G m An Integral Laminar Boundary Layer Solution 


An alternative approach to solving the boundary layer equations involves the use of an approx- 
imate integral method. The approach was originally proposed by von Karman [1] in 1921 and 
first applied by Pohlhausen [2]. It is without the mathematical complications inherent in the 
exact (similarity) method of Section 7.2.1; yet it can be used to obtain reasonably accurate 
results for the key boundary layer parameters (6, 6,, C;, and h). Although the method has been 
used with some success for a variety of flow conditions, we restrict our attention to parallel 
flow over a flat plate, subject to the same restrictions enumerated in Section 7.2.1, that is, 
incompressible laminar flow with constant fluid properties and negligible viscous dissipation. 

To use the method, the boundary layer equations, Equations 7.3 through 7.5, must be 
cast in integral form. These forms are obtained by integrating the equations in the y-direction 
across the boundary layer. For example, integrating Equation 7.3, we obtain 


Ou [2 Z 
cae wo! (G.1) 
or, since v = 0 at y = 0, 
aos ° ou 
u(y = 6) = ii ax (G.2) 


Similarly, from Equation 7.4, we obtain 


5 5 5 
ou Ou do {ou 
—d +| dy = | d 
|, «Sha 1 ey rf 2 (4a 


or, integrating the second term on the left-hand side by parts, 


i [ou dy = 0 
0 0 Oy dy 


5 


0 
Substituting from Equations 7.3 and G.2, we obtain 


3 5 3 
ou Ou Ou, _ ou 
| uttay ul. ax hae ar et 


or 


3 3 
ou Ou, ou 
wf Fx ou Seay ar 


y=0 
Therefore 


5 
te) _ ou 
[ Za. u-uU Bey 


y=0 


Rearranging, we then obtain 


(G.3) 


Equation G.3 is the integral form of the boundary layer momentum equation. In a similar 
fashion, the following integral form of the boundary layer energy equation may be obtained: 


8, 
af Tua aa. 
0 


Fe yy (G.4) 
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Equations G.3 through G.4 satisfy the x-momentum and energy requirements in an 
integral (or average) fashion over the entire boundary layer. In contrast, the original con- 
servation equations, (7.4) and (7.5), satisfy the conservation requirements /ocally, that is, at 
each point in the boundary layer. 

The integral equations can be used to obtain approximate boundary layer solutions. 
The procedure involves first assuming reasonable functional forms for the unknowns u and 
T in terms of the corresponding (unknown) boundary layer thicknesses. The assumed forms 
must satisfy appropriate boundary conditions. Substituting these forms into the integral 
equations, expressions for the boundary layer thicknesses may be determined and the 
assumed functional forms may then be completely specified. Although this method is 
approximate, it frequently leads to accurate results for the surface parameters. 

Consider the hydrodynamic boundary layer, for which appropriate boundary condi- 
tions are 


au 


u(y = 0) = ay 


=0 and u(y = 6) =u, 


y=8 


From Equation 7.4 it also follows that, since u = v = Oat y = 0, 


Fu 
ay’ |y 


With the foregoing conditions, we could approximate the velocity profile as a third-degree 


polynomial of the form 
ate acta y\’ 
i =a, T ay (2) - a3 (?) a a4 (2) 


and apply the conditions to determine the coefficients a; to ay. It is easily verified that 
d, = a; = 0, a) = 5 and a, = —3, in which case 


ae Pe 8 PA 
Un 26 2 (2) o) 
The velocity profile is then specified in terms of the unknown boundary layer thickness 6. 


This unknown may be determined by substituting Equation G.5 into G.3 and integrating 
over y to obtain 


d{ 39 28 3 We 
dx \280 ” 2 6 


Separating variables and integrating over x, we obtain 


2 
° = ee i. + constant 


However, since 6 = 0 at the leading edge of the plate (x = 0), the integration constant must 
be zero and 


1/2 
5 = 4.64 ( z| = (G6) 
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Substituting Equation G.6 into Equation G.5 and evaluating 7, = w(du/dy),, we also obtain 


Ts _ 0.646 
= = G.7 
pu/2 Rex” ae 


Chx 


Despite the approximate nature of the foregoing procedure, Equations G.6 and G.7 com- 
pare quite well with results obtained from the exact solution, Equations 7.17 and 7.18. 
In a similar fashion one could assume a temperature profile of the form 


TT, y y \? y \3 
T*= =b, +b + b3}—]} + bal > 
T.. — i, (2) (2) (2) 


and determine the coefficients from the conditions 


oT* 
T*(y =0)= =0 
(y= 0) ae 
T*(y=6)=1 
as well as 

Ik 

amy 226 

oy y=0 


which is inferred from the energy equation (7.5). We then obtain 


3y 1fy\ 
Pre 4 seh) 4. 2 
28, 1(2) me 


Substituting Equations G.5 and G.8 into Equation G.4, we obtain, after some manipulation 
and assuming Pr 2 1, 


6, pr 8 
5 1.026 a7) 


This result is in good agreement with that obtained from the exact solution, Equation 7.22. 
Moreover, the heat transfer coefficient may then be computed from 


—k dTIdy\,<0 3 k 
L.-T 26; 


Substituting from Equations G.6 and G.9, we obtain 


Nu 


x 


= a = 0.332 Re!? Pr! (G.10) 


This result agrees precisely with that obtained from the exact solution, Equation 7.21. 
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Neumann, 91 
of the second kind, 91, 150, 935-938 
of the third kind, 91, 150, 935-938 
Boundary layer(s), 378-405, 415-465 
approximations, 394-397 
dimensionless parameters in, 379, 385, 400-402, 566-567 
equations, 388-396 
for laminar flow, 949-952 
for turbulent flow, 945-947 
and external flow, 416. See also External flow 
hydrodynamic, 6, 8 
laminar and turbulent flow, 383-386, 565-566, 570-572 
mixed conditions in external flow, 425 
normalized equations, 392-396 
functional forms, 393-396 
similarity parameters, 392-393 
Reynolds analogy, 402-404 
separation, 458-461 
significance of, 380-381 
thermal, 6, 379-380, 385-386, 496 
velocity, 378-379, 383-385 
Boussinesq approximation, 566 
Bulk fluid motion, W30 
Bulk temperature, 496 
Buoyancy forces, 7, 562, 620 
Buoyant jets, 563-564 
Burnout point, 626 


C 

Carnot efficiency, 32-36 

Celsius temperature scale, 37 

Characteristic length, 238, 284-285, 392, 567 
Chemical component, of internal energy, 15 
Chilton-Colburn analogy, 404 

Circular tubes, see Tubes 

Coefficient of friction, see Friction coefficient 
Coiled tubes, 527-530 

Colburn j factor, 402 

Cold plate, 93 
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Compact heat exchangers, W42—W47, 674, 705 
Complementary error function, 314 
Composite wall systems: 
heat transfer in, 115-119 
porous media in, 119-121 
thermal contact resistance in, 117-119, 120 
Compressible flow, 391-392 
Compressive stresses, W27 
Concentric tube annulus, 525-526 
Concentric tube heat exchangers, 672 
Condensation, 7, 8, 15, 639-657 
convection coefficients, typical (table), 8 
dimensionless parameters in, 620-621, 655 
dropwise, 656 
film 
laminar, 641-645 
on radial systems, 650-654 
turbulent, 645-649 
in horizontal tubes, 655-656 
mechanisms of, 639-641 
types of, 640 
Conduction, 2—5, 46, 67-95 
analysis methods, 112-114, 132-135, 136-142 
and boundary/initial conditions, 90-91 
definition of, 2 
Fourier’s Law and, 68-70, 86-87 
and heat diffusion equation, 82-90 
micro- and nanoscale effects, 72-75, 77-78, 90, 189-190 
one-dimensional steady-state, see One-dimensional 
steady-state conduction 
rate equation, 4, 46 
shape factors, W3—WS, 235-240 
in surface energy balance, 27-30 
with thermal energy generation, see Thermal energy 
generation, conduction with 
and thermophysical properties of matter, 70-79 
transient, see Transient conduction 
two-dimensional steady-state, see Two-dimensional 
steady-state conduction 
Conduction rate equation (Fourier’s Law), 68-70, 86-87 
Conduction shape factor(s), W3—WS, 235-240 
for selected systems (table), 236-237 
Configuration factor(s), view factor, 828-838 
Confinement number, 639 
Conservation of energy, 12-31, W29—W31, 83-87 
application methodology, 31 
for control volumes, 13-31, W29-—W31, 941-943 
equations, 14, 17 
surface energy balance, 27-30 
Conservation of mass, W25—W26, 942 
Constriction resistance, 656 
Contact resistance, 117-119, 120 
Continuity equation, W26 
Control surface, 13 
Control volume(s): 
definition of, 13, 31 
differential, 31, 83-85 
Convection, 377-405. See also Boiling; Condensation; 
External flow; Free convection 
boundary conditions (table), 91 
boundary layers 
dimensionless parameters, 400-402, 566-567 
equations for, W25—W35, 388-396 
laminar and turbulent, 383-386, 570-572 
normalized equations, 392-396 
Reynolds analogy, 402-404 
significance of, 380-381 
thermal, 379-380 
thermal boundary layer, 379-380 
velocity, 378-379 
velocity boundary layer, 378-379 
coefficients, 8, 289 
definition of, 2 
dimensionless parameter significance, 400-402 


forced, 6-7, 635-639. See also Boiling, forced convection; 
External flow; Internal flow 
free (natural), see Free convection 
laminar flow and boundary layers, 389-392 
micro- and nanoscale effects, 530-534 
mixed, 7, 8, 595-596 
problem of, 382-383 
rate equation, 8, 46 
in surface energy balance, 27-28, 91 
transfer equations, W25—W35, 941-943 
turbulent flow and boundary layers, 389-392 
Convection heat transfer coefficient, 8, 154-155, 289, 403-404 
local and average, 381-383 
Counterflow heat exchangers, 672-673, 672-674, 680-681, 
690-692 
Creeping flow, 444 
Critical film thickness for microscale conduction, 73-74 
Critical heat flux, 624, 625, 628-629, 639 
Cross-flow heat exchangers, W38-W42, 672-673, 690-693 
Cylinder(s): 
in cross flow, 433-443 
flow considerations, 433-435 
heat transfer (convection), 436-443 
free convection with, 581-584, 592-593 
concentric cylinders, 592-593 
long horizontal cylinder, 581-584 
one-dimensional steady-state conduction in, 136-141, 
933-938 
shape factors for, W3—WS, 236-237 
transient conduction in, 300-301, 303-307, 318-320 
graphical representation of, W12, W14—W15 
summary (table), 321-322 


D 
Darcy friction factor, for internal flow, 494-495 
Density, 78 
gradients, 562, 620 
Differential control volumes, energy conservation in, 31 
Diffuse emitters, 742, 760 
Diffuse reflectors, 748 
Diffusion, energy transfer by, 6 
Diffusivity: 
momentum, 401 
thermal, 78 
Dimensionless conduction heat rate, 235-240, 317-320 
Dimensionless parameters: 
boiling and condensation, 620-621 
boundary layers, 379, 385, 392-396, 400-402, 566-567 
conduction, 284-319 
for free convection, 566-567 
friction factor, 494-495 
of heat transfer (table), 402 
number of transfer units (NTU), 663 
physical interpretations of, 400-402 
time, 285 
Dimensions, 36-38 
Dirichlet conditions, 90-91 
Discretization of the heat equation: 
explicit method of, 330-337 
implicit method of, 337-345 
Dittus-Boelter equation, 516 
Drag coefficient, 435 
Dropwise condensation, 640, 656 
Dynamic viscosity, 379 


E 
Eckert number, 402 
Effective thermal conductivity, 119-121, 593 
Effectiveness: 
definition of, 662-663 
fin, 164 
heat exchanger, 688-689 
Effectiveness-NTU analysis method, 662-670, 679-686 
definitions in, 662-663 
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Efficiency: 
Carnot, 32-36 
fin, 165-170 
heat exchanger, 675-676 
Eigenvalues, 300 
Electrical energy, and thermoelectric power, 182-188 
Electromagnetic spectrum, 735-736 
Electromagnetic waves, 735-736 
Emission, 734-736 
band, 751-758 
gaseous, 863-867 
and intensity, 740-745 
Emissive power, 9, 737, 741-742, 750-751 
of a blackbody, 9, 759 
Emissivity, 9-12 
definition of, 758 
from real surfaces, 758-762 
representative values (table), 762 
Empirical method, 416-418 
Enclosed fluids, energy balance with, 501-508 
Energy, conservation of, see Conservation of energy 
Energy balance: 
atmospheric radiation, 787-789 
for internal flow, 501-508 
surface, 27-30, 91 
Energy balance method, 243-249 
Energy carriers, 71 
Energy generation, 14-16, 84, 143, 182-188 
Energy sources, 84, 183-184 
Energy storage, 84 
Energy use and sustainability, 41-45, 182-188 
Enhancement, heat transfer: 
boiling, 631 
condensation, 651 
fins, 155, 165 
internal flow, 527-530 
Enhancement surface(s), 631 
Enthalpy, and steady-flow energy equation, 16-17 
Entry length(s): 
hydrodynamic, 491 
thermal, 496 
Entry region(s): 
hydrodynamic, 490-492 
and internal flow, 514-516 
thermal and combined, 514-516 
Environmental radiation, 784-792 
atmospheric radiation balance, 787—789 
solar, 784-787 
terrestrial solar irradiation, 789-790 
Error function, 313 
Evaporation, 15. See also Boiling 
Evaporators, 620 
Excess temperature, 158, 621 
Extended surfaces, heat transfer from, 112, 154-178 
conduction analysis, 156-158 
fin characteristics and parameters, 154-156 
fin effectiveness, 164 
fin efficiency, 165-172 
fin overall surface efficiency, 170-178, 649-650 
nonuniform cross-sectional area fins, 167-170 
uniform cross-sectional area fins, 158-164 
External flow, 415-465 
across banks of tubes, 447-455 
cylinder in cross flow, 433-443 
flow considerations, 433-435 
heat transfer (convection), 436-443 
empirical method for, 416-418 
flat plate in parallel flow, 418-427 
with constant heat flux conditions, 427 
laminar flow, 418-424, 949-952 
with mixed boundary layer conditions, 425 
with unheated starting length, 426 
forced convection boiling, 635-636 
free convection, 572-586 
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friction coefficients of, 379 
heat transfer correlations (table), 463-464 
impinging jets, 455-461 

considerations, 456-458 

heat transfer (convection) through, 458-461 
methodology for convection calculation, 428-433 
over sphere, 443-446 
similarity method for, 418-424 
through packed bed(s), 461462 


F 
Fanning friction factor, 522 
Film boiling, 624, 626, 629-631 
Film condensation: 
definition of, 640 
in horizontal tubes, 655-656 
laminar, 641-645 
on radial systems, 650-654 
turbulent, 645-649 
wavy, 645 
Film temperature, 418 
Film(s), thermal conductivity of, 73-75, 77, 190 
Finite control volumes, energy conservation of, 31 
Finite-difference method: 
transient conduction 
explicit method of discretization of the heat equation, 
330-337 
implicit method of discretization of the heat equation, 
337-345 
two-dimensional steady-state conduction, 241-256 
energy balance method in, 243-249 
Gauss-Seidel iteration method, W5—W9, 250 
heat equation form, 242-243 
nodal network selection, 241-242 
solving, 250-256 
Fins, 154-156 
annular, 155-156, 167, 651 
conduction analysis, 156-158 
effectiveness, 164 
efficiency, 165-172 
film condensation on, 650-651, 656 
free convection with, 586-589 
of nonuniform cross-sectional area, 167-170 
overall surface efficiency, 170-178, 649-650 
performance measures, 164-167 
pin, 155-156 
straight, 155-156, 166 
of uniform cross-sectional area, 158-164 
First law of thermodynamics, 12—14 
Flat plate: 
boundary layers and, 378-381 
heat transfer correlations (table), 463 
with mixed boundary layer conditions, 425 
parallel flow over, 418-427 
boundary layer solution for, 949-952 
with constant heat flux conditions, 427 
laminar flow, 383-386, 418-424 
turbulent flow, 383-386, 424 
with unheated starting length, 426 
Flow. See also External flow; Internal flow 
compressible, 392 
creeping, 444 
steady, two-dimensional, W25—W35, 942-943 
Flow work, 16 
Fluidized bed(s), 461 
Fluids: 
free convection with enclosed, 589-595 
incompressible, 16-17, W29, 389 
microfluidic devices, 530 
Newtonian, W28, 379 
and problem of convection, 382-383 
thermal conductivity of, 75-78 
thermophysical properties of (saturated), 916-920 
viscous, W25—-W36 
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Flux-plotting method, W1—W2, 231 
Forced convection, 6-7, 635-639 
combined free and forced, 595-596 
and external flow, see External flow 
and internal flow, see Internal flow 
Forced convection boiling, 621, 635-639 
external, 635-636 
two-phase flow, 636-639 
flow regimes, 637 
Form drag, 434 
Fouling: 
in condensation, 675 
in heat exchangers, 675-677 
Fouling factor, 649 
Fourier number, 285, 402 
Fourier’s law, 4-5, 68-70, 86-87 
Free boundary flows, 563 
Free convection, 6-7, 561-597 
buoyancy forces in, 562-564 
combined free and forced, 595-596 
dimensionless parameters for, 566-567 
empirical correlations (table), 585-586 
with enclosed fluids, 589-595 
concentric cylinders, 592-593 
concentric spheres, 593-595 
for rectangular cavities, 589-592 
equations governing, 565-566 
external flows, 572-586 
for inclined/horizontal plates, 576-581 
for long horizontal cylinders, 581-584 
for spheres, 585-586 
for vertical plates, 573-576 
free convection boiling, 623-624 
laminar free convection on a vertical surface, 567-570 
physical considerations of, 562-564 
turbulence effects, 570-572 
vertical plate, 567-570 
within parallel plate channels, 586-589 
Free convection boiling, 623-624 
Free stream, 378 
Freezing, 15 
Friction coefficient, 379, 393, 402, 494 
Friction drag, 456 
Friction factor, 402 
for external flow, 451-452 
for internal flow, 494-495, 525 
Froude number, 638 
Fully developed flow regions, 490-491, 497-501, 509-513 


G 
Gas(es): 
emission from, 734-735 
micro- and nanoscale conduction effects, 189-190 
radiation exchange with, 862-867 
thermal conductivity of, 75-78 
thermal energy equations for, 16-20 
thermal radiation and, 10—12 
thermophysical properties of (table), 911-915 
Gauss-Seidel iteration method, 250, 939-940 
example, W5S—-W9 
Gaussian error function, 313, 929 
Generation, see Thermal energy generation 
Graphical methods: 
for two-dimensional steady-state conduction, 231 
conduction shape factors, W3—-W5 
flux-plot construction, W1—-W2 
heat transfer rate determination, W2—W3 
Grashof number, 402, 567 
Gravitational field, and pool boiling, 630 
Gray surfaces: 
radiation behavior, 778-780, 842-859 
radiation exchange, net radiation exchange, 843-844 
radiation exchange 
radiation shields, 852 


reradiating surfaces, 854-859 
surface radiation exchanges, 844-846 
thermal radiation and, 10 


H 
Heat diffusion equation (heat equation), 82-91 
boundary conditions, 90-91 
finite-difference method, 242-243 
microscale effects, 90 
Heat engines, efficiency of, 31-36 
Heat equation, see Heat diffusion equation (heat equation) 
Heat exchangers, 671-714 
compact, W42—W47, 674, 705 
design problems, 696 
effectiveness (table), 690 
effectiveness-NTU analysis method, 688-696 
definitions in, 688-689 
relations, 689-693 


log mean temperature difference (LMTD) analysis, 677-681 


analysis with, 677-678 
for counterflow heat exchangers, 680-681 


for multipass and cross-flow heat exchangers, W38—W42 


for parallel-flow heat exchangers, 678-680 
overall heat transfer coefficient for, 674-677 
performance calculation problems, 696-704 
research and development in, 705 
types of, 672-674 

Heat flow lines, 230 
plotting, W1-W2 

Heat flux, 4-5, 8, 9-12, 85 
critical, 624, 625, 628-629, 639 
radiation fluxes, 737-738 

Heat rate, by conduction, 4-5 

Heat sinks, 44, 183-184 

Heat transfer: 
in convection, 381—383 
definition of, 2 
efficiency and, 32-36 
enhancement in, 527-530, 679 
enhancement research, 679 
from extended surfaces, 154-178 

conduction analysis, 156-158 

fin characteristics, 154—156 

fin overall surface efficiency, 649-650 

fin performance measures, 164-167 

nonuniform cross-sectional area fins, 167-170 

uniform cross-sectional area fins, 158-164 
in insulation systems, 77-78 
methodology for problem-solving, 38-41, 114 
multimode, 859-861 


rate determination (two-dimensional steady-state conduction), 


W2-W3 
relevance of, 41-45 
summary of modes (table), 46 
thermodynamics vs., 12-13 
Hydraulic diameter, 524 
Hydrodynamic boundary layer, 6, 8. See also Velocity 
boundary layer 
Hydrodynamic considerations: 
with impinging jet(s), 456-458 
with internal flow, 490-495 
Hydrodynamic entry length, 491 
Hyperbolic functions (table), 928 


I 
Ideal gases, 16-17 
Ideal radiator, see Blackbodies 
Impingement zone(s), 456 
Impinging jet(s): 
considerations, 456-458 
heat transfer (convection) through, 458461 
heat transfer correlations (table), 464 
Incident radiation, 745 
Incompressible liquids, 16-17, W29, 389 
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Influence coefficients, 527 
Initial conditions, 90-91 
Insulation: 
micro-and nanoscale effects, 77-78 
systems and types, 77 
thermal conductivity of, 77-78 
thermophysical properties of (table), 906 
Intensity, radiation, 739-748 
Internal energy, 13-15, W29 
Internal flow, 489-537 
in circular tubes 
convection correlations (table), 536 
laminar flow, 509-516 
turbulent flow, 516-524 
in coiled tubes, 527-530 
energy balance in, 501-508 
with constant surface heat flux, 502-505 
with constant surface temperature, 505-508 
general considerations, 501-502 
heat transfer enhancement in, 527-530 
hydrodynamic considerations, 490-495 
flow conditions, 490-491 
friction factor, 494-495 
mean velocity, 491-492 
velocity profile, 492-494 
micro- and nanoscale effects, 530-534 
in noncircular tubes, 524-527 
thermal considerations, 495-501 
with fully developed conditions, 497-499 
mean temperature, 496-497 
Newton’s law of cooling in, 497 
Irradiation, 9-12, 737, 745-747, 767 
Isothermal surfaces, 69 
Isotherms, 69-70, 230, 235 
Isotropic media, 70 
effective thermal conductivities in, 121 


J 
Jakob number, 402, 621 
Jet(s): 
in boiling, 624-625 
impinging, see Impinging jet(s) 
Joule heating, see Ohmic heating 


K 

Kelvin temperature scale, 37 
Kelvin-Planck statement, 31 
Kinematic viscosity, 78, 946 
Kirchhoff’ s law, 776-777 


L 
Laminar boundary layer, 378-381 
Laminar film condensation, 641-645 
Laminar flow: 
boundary layers and equations, 383-386, 389-391, 565-566 
in circular tubes, 509-516 
in noncircular tubes, 524-527 
over flat plate, 418-424, 949-952 
Latent component, of internal energy, 15 
Latent energy, in convection, 7 
Latent heat, in boiling/condensation, 620 
Latent heat of fusion, 26-27 
Lattice waves, conduction and, 4, 71-72 
Leidenfrost point, 626 
Length, units for, 36-37 
Liquid metals, 423-424 
thermophysical properties of (table), 921 
Liquid(s): 
conduction in, 3-5 
convection coefficients, typical (table), 8 
microscale convection in, 531-532 
radiation from, 734-735 
thermal conductivity of, 75-78 
thermal energy equations for, 16-17 


957 


thermal radiation and, 8, 10 
Log mean temperature difference method (LMTD), W38—W47, 
651-652, 651-661, 679-686 
for counterflow heat exchangers, 680-68 | 
for multipass and cross-flow heat exchangers, W38—W42 
for parallel-flow heat exchangers, 652-654 
Longitudinal pitch, 448 
Lumped capacitance method, 280-297 
calculations for, 281-283 
conditions for, 280-281 
general lumped capacitance analysis, 287-297 
validity of, 283-286 
Lumped thermal capacitance, 282 


M 
Mach number, 402 
Martinelli parameter, 655 
Mass: 
conservation of, see Conservation of mass 
units for, 36-37 
Mass flow rate, 16, 17 
Matrix equation method, 250 
Mean beam length, 866 
Mean free path, 71, 73-75 
Mean temperature, in internal flow, 496-497, 506 
Mean velocity, of internal flow, 491-492 
Melting, 15 
Metabolic heat generation, 178-182 
Metals and metallic solids: 
emissivity of (table), 922 
thermal conductivity of, 71-72, 77 
thermophysical properties of, 899-904, 921, 922 
Microchannels: 
in boiling, 639 
in condensation, 656 
in internal flow, 531—532 
Microfluidic devices, 530 
Microscale effects: 
in conduction, 72-75, 77-78, 90, 189-190 
in convection, 530-532 
Mie scattering, 787 
Mixed convection, 7, 8, 595-596 
Modes of heat transfer, definition of, 2 
Modified Bessel equations, 167-168 
Momentum accommodation coefficients, 530 
Moody diagrams, 494-495 
Moody friction factor, for internal flow, 494-495 
Multimode heat transfer, 859-861 
Multipass heat exchangers, W38—W42, 672 


N 
Nanofluids, 77-78 
Nanoscale effects: 
in conduction, 72-75, 77-78, 90, 189-190 
in convection, 532-534 
in radiation, 735 
Nanoshells, 323 
Nanostructured materials, 74, 77-78, 186 
Natural convection, see Free convection 
Net radiation exchange, 843-844 
Net radiative flux, 737-738, 748 
Neumann conditions, 90-91 
Newtonian fluids, W28, 379 
Newton’s law of cooling, 8, 115, 497, 621 
Newton’s second law of motion, W26—W29, 389-390, 942-943 
Nodal network, 241-242, 845-846 
Nodal points, 241-242, 845-846 
Noncircular tubes, see Tubes 
Nonmetallic materials: 
emissivity of solids (table), 923-924 
thermal conductivity of, 71-72, 76-77 
thermophysical properties of solids, 903-904 
Nonparticipating media, 828 
Nuclear component, of internal energy, 15 
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Nucleate boiling, 624-625, 626-630 
Number of transfer units (NTU), 663-665 
Nusselt number, 395-396, 402, 525, 526 


oO 
Ohmic heating, 143 
One-dimensional steady-state conduction, 111-228 
alternative analysis approach, 132-135, 141-142 
bioheat equation, 178-182 
extended surfaces and, see Extended surfaces, heat 
transfer from 
micro- and nanoscale effects, 189-190 
in plane wall systems 
composite walls, 115-117 
contact resistance in, 117-119, 120 
temperature distribution, 112-114 
with thermal energy generation, 143-149 
thermal resistance in, 114-115, 648-649 
within porous media, 119-125 
in radial systems, 136-142 
cylinders, 136-141 
spheres, 141-142 
with thermal energy generation, 149-150 
summary solutions (table), 143 
temperature distribution in, 4-5, 85 
with thermal energy generation, 142-154 
in plane wall systems, 143-149 
in radial systems, 149-154 
and thermoelectric power generation, 182-188 
uniform generation thermal conditions, 933-938 
Opaque media, 738, 747-748, 771-772 
Open systems, 13-17 
Orthogonal functions, 233-234 
Overall heat transfer coefficient, 116, 137-138 
and heat exchangers, 674-677 
Overall surface efficiency, 170-178, 649-650 


Pp 
Packed bed(s): 
definition of, 119 
heat transfer (convection) through, 461-462 
Parallel plates, free convection with, 562-564 
Parallel-flow heat exchangers, 672-673, 678-680, 689-692 
Parameter sensitivity study, 38 
Participating media, 828 
radiation exchange with, 862-867 
Peclet number, 402 
Peltier effect, 183-184 
Penetration depth, thermal, 314 
Pennes equation, 178-182 
Perfusion, and bioheat equation, 178-182 
Phase changes, 15 
convection coefficients, typical (table), 8 
Phonons, 71-75 
Photons, 735 
Pin fins, 155-156 
Pitch (tubes), 448 
Planck constant, 749 
Planck distribution, 749-750 
Plane angle, 739 
Plane wall systems: 
one-dimensional steady-state conduction 
composite walls, 115-117 
contact resistance in, 117-119, 120 
temperature distribution, 112-114 
with thermal energy generation, 143-149, 933-938 
thermal resistance in, 114-115 
within porous media, 119-125 


one-dimensional steady-state conduction in, thermal resistance 


in, 648-649 
shape factors for, W3—WS, 237 
transient conduction in, 283-286, 318-320, 321-322 
approximate solution, 300-301 
with convection, 299-303 


exact solution, 300 
graphical representation of, W12—W13 
roots of transcendental equation for, 930 
summary (table), 321-322 
Plumes, 563-564 
Pool boiling, 621, 622-635 
boiling curve and, 622-623 
film boiling, 624, 626, 629-631 
free convection boiling, 623-624 
Leidenfrost point, 626 
nucleate boiling, 624-625, 626-630 
parametric effects on, 630-631 
transition boiling, 624, 625-626 
Porosity, 461 
Porous media, conduction in, 119-125 
Power-controlled heating, 622-623 
Prandtl number, 393, 394, 402 
Problems, analysis methodology, 38 


Q 

Quality of fluid, 671n 

Quanta, 735 

Quasi-steady approximation, 584 
Quenching, 283 

Quiescent fluid(s), 564 


R 
Radial systems: 
film condensation in, 650-654 
one-dimensional steady-state conduction in, 136-142 
cylinders, 136-141 
spheres, 141-142 
with thermal energy generation, 149-154 
transient conduction in, 303-310 
Radiation. See also Radiation exchange 
and absorptivity, 768-769 
blackbody, see Blackbody radiation 
emission from real surfaces, 758-766 
environmental, 784-792 
atmospheric radiation balance, 787—789 
solar, 784-787 
terrestrial solar, 789-790 
gaseous, 862-867 
gray surface, 778-780 
heat fluxes, 737-738 
intensity, 739-748 
definitions in, 739-740 
and emission, 740-745 
and irradiation, 745-747 
and net radiative flux, 748 
and radiosity, 747-748 
and Kirchhoff’s law, 776-777 
nature and properties of, 734-736 
rate equation, 10, 46 
and reflectivity, 769-770 
surface characteristics considerations, 771-772 
in surface energy balance, 27-30 
terminology glossary (table), 793-794 
thermal, see Thermal radiation 
and transmissivity, 771 
Radiation balance (atmospheric), 787-789 
Radiation exchange, 827-868 
between diffuse gray surfaces (enclosed), 842-859 
net radiation exchange, 843-844 
radiation shields, 852 
reradiating surfaces, 854-859 
surface radiation exchanges, 844-846 
two-surface enclosures, 850-851 
blackbody radiation, 838-842 
gaseous, 862-867 
emission and absorption, 863-867 
volumetric absorption, 862-863 
and multimode heat transfer, 859-861 
view factors in, 828-838 
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definition, 828 
factor integral, 828-829 
factor relations, 829-836 
for two-dimensional geometries (table), 83 1-833 
Radiation heat transfer coefficient, 10 
Radiation intensity, see Radiation, intensity 
Radiative resistance, 844 
Radiosity, 737-738, 747-748 
Rate equations: 
for conduction, 4-5 
for convection, 8 
for radiation heat transfer, 10 
summary (table), 46 
Rayleigh number, 571 
Rayleigh scattering, 787 
Reciprocity relation, 829 
Rectangular cavities, 589-592 
Reflection, 530-531, 767-768 
and reflectivity, 738 
Reflectivity, 769-770 
Reradiating surfaces, 854-859 
Resistance: 
constriction, 656 
contact, 117-119, 120 
fin, 165 
radiative, 844 
thermal, 12, 15-16, 32-36, 114-115 
Resistance heating, 143 
Reynolds analogy, 402-404 
Reynolds number, 385, 393, 394, 402, 491, 567 
Reynolds stress, 947 


S 
Saturated boiling, 621, 622, 637 
Saturated porous media, 119-120 
Second law of thermodynamics, 31-36 
Seebeck effect and coefficient, 182-188 
Semi-infinite solid(s): 
transient conduction in, 310-318, 319 
solutions summarized, 313-314 
use in practical problems, 311 
Semitransparent media, 737, 771-772 
Sensible energy, 7, 15, 84 
Separation point(s), 434 
Separation of variables, method, 231-235, 299 
Shape factor(s): 
conduction, W3—W5, 235-240 
view factor, 828-838 
Shear stresses, W26, 378-379, 946-947 
Shell-and-tube heat exchangers, 673, 689-692 
Shields, radiation, 852-854 
SI (Systéme International d’ Unités) system, 36-38 
Similarity solution(s), 419 
Similarity variable(s), 311, 419 
Simplified steady-flow thermal energy equation, 17 
Sinks (energy), 16, 44, 84, 183-184 
Solar radiation, 784-790 
properties for selected materials (table), 924 
representative values for surfaces (table), 790 
Solid angle, 739-740 
Solidification, 15 
Solid(s): 
conduction in, 3-5, 118-119, 190 
radiation from, 734-735 
semi-infinite, see Semi-infinite solid(s) 
thermal conductivity of, 71-75 
micro- and nanoscale effects, 72-75, 190 
thermal radiation and, 9-12 
Specific heat, 78 
Spectral absorptivity, 768 
Spectral emissivity, 759 
Spectral intensity, 740-741 
Spectral irradiation, 745, 767 
Spectral radiosity, 747-748 


Spectral reflectivity, 738 
Sphere(s): 
dimensionless conduction heat rate for, 238 
film condensation on, 650 
free convection with, 585-586, 593-595 
heat transfer correlations (table), 463 
one-dimensional steady-state conduction in, 141-142, 
933-938 
shape factors for, W3—WS, 236-237 


959 


transient conduction in, 300-301, 303-305, 308-310, 318-320 


graphical representation of, W12, W15-W16 
summary (table), 321-322 
Stagnation point(s), 455 
Stagnation zone(s), 456 
Stanton number, 402 
Steady-state conditions, 4, 14, 16, 112 
conduction and, 933-938 
Stefan-Boltzmann constant, 9 
Stefan-Boltzmann law, 9, 750-751 
Stokes’ law, 465 
Straight fins, 155-156, 166 
Stratification parameter, 638 
Streaks, 384 
Stresses: 
Reynolds, 947 
shear, 378-379, 946-947 
viscous, W26—W29 
Structural building materials, thermophysical properties 
of (table), 905 
Subcooled boiling, 621, 630-631, 636-637 
Summation rule, 830 
Surface energy balance, 27-30, 91 
Surface forces, W26 
Surface friction, and boundary layers, 380-381 
Surface phenomena, 16 
radiation as, 735, 767-768 
Surface roughness, 631 
Surface tension, 620, 621 
Surface(s): 
radiation exchange between gray, 842-859 
surface energy balance, 27-30, 91 


r 
Temperature: 
absolute, 9 
conduction and, 2—5 
and efficiency, 32-33 
excess, 621 
film, 418 
mean, 496-497 
scales, 37 
units for, 36-37 
Temperature distribution, 82 
during thermal treatment, 45 


one-dimensional steady-state conduction, 4-5, 112-114 


two-dimensional steady-state conduction, 230-231, 
231-232, 242-243 

Temperature effectiveness, 649-650 
Thermal accommodation coefficient, 189-190 
Thermal boundary layer, 6, 379-380 

and laminar or turbulent flow, 385-386, 496 
Thermal circuits, 112-117, 171-172 
Thermal conductivity, 70-78 

bulk solid, 72 

conduction and, 4—5 

effective, 119-121 

of fluids, 75-78 

and Fourier’s Law, 68-70 

of insulation systems, 77—78 

of porous media, 119-121 

of solids, 71-75 
Thermal contact resistance, 117-119, 120, 171-172 
Thermal diffusivity, 78-80, 85 
Thermal energy, components of, 15 
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a Index 


Thermal energy equation, W—31 
Thermal energy generation: 
conduction with, 142-154 
bioheat, 178-182 
in plane wall systems, 143-149 
in radial systems, 149-154 
resistance for, 115 
Thermal entry length, 496 
Thermal penetration depth, 314 
Thermal radiation, 8-12 
and boiling, 629-630 
definition of, 2, 735-736 
emission of, 734, 736 
resistance for, 115 
Thermal resistance, 12, 15-16, 32-36 
fouling factor, 649 
in plane wall systems, 114-117, 648-649 
thermal contact resistance, 117-119, 120 
Thermal time constant, 282 
Thermodynamic properties, 78-82, 565 
Thermodynamics, heat transfer vs., 12-13 
Thermoelectric power generation, 182-188 
Thermophysical properties, 78-82, 897-924 
of common materials (table) 
industrial insulation, 907-908 
insulating materials/systems (table), 906 
structural building materials, 905 
emissivity of selected substances, 922-924 
of gases at atmospheric pressure (table), 911-915 
of liquid metals (table), 921 
of saturated fluids (table), 916-920 
of saturated water (table), 919-920 
of selected metallic solids (table), 899-902 
of selected nonmetallic solids (table), 903-904 
of thermoelectric modules, 183-186 
Thermoregulation, 28-30, 44-45, 121-125 
Time, units for, 36-37 
Transient conduction, 279-346 


coefficients for one-dimensional conduction (table), 301 


finite-difference methods for 


explicit method of discretization of the heat equation, 


330-337 


implicit method of discretization of the heat equation, 


337-345 
graphical representation of, W12—W22 
lumped capacitance method, 280-297 
plane wall system, 287-290 
multidimensional effects with, W16—-W22 


objects with constant surface heat flux, 319-320, 322 
objects with constant surface temperature, 317-319, 321 


periodic heating, 327-330 
plane wall with convection, 299-303 
solutions for, W12—W 13, 300-301 
radial systems with convection, 303-310 
solutions for, W14—W 16, 303-304 
in semi-infinite solids, 310-317 
solutions summarized, 313-314 
spatial effects, 298-299 
Transition boiling, 624, 625-626 
Transition to turbulence, 389 
Transmissivity, 737-738, 771 
Transport properties, 70, 78-79 
Transverse pitch, 448 
Triangular fins, 168-170 
Tubes. See also Heat exchangers 
arrangements of, 447 
banks, 447-455 
circular 
convection correlations (table), 536 
laminar flow in, 509-516 
turbulent flow in, 516-524 
concentric tube annulus, 525—527 
condensation in, 640-641 
condensation on, 650-652 


in cross flow 
configurations, 447-448 
flow conditions, 448-452 
film condensation in, 651-656 
heat transfer correlations (table), 464 
noncircular, 524-527 
rough vs. smooth, 517-518 
Turbulent boundary layer, 383-386, 570-572 
Turbulent film condensation, 645-649 
Turbulent flow: 
across cylinders, 433-438 
and boundary layers, 383-386, 570-572, 945-947 
in circular tubes, 516-524 
in noncircular tubes, 524-527 
over flat plate, 424 
over vertical plate, 570-572 


Two-dimensional steady flow, heat transfer in, W25—W35, 


942-943 
Two-dimensional steady-state conduction, 229-277 
alternative approaches to, 230-231 
conduction shape factors in, W3—WS, 235-240 
dimensionless conduction heat rate in, 235-240 
finite-difference method for, 241-256 
energy balance method, 243-249 
solving, 250-256 
graphical method for 
conduction shape factors, W3—W5 
energy balance method in, 243-249 
flux-plot construction, W1-W2 
heat transfer rate determination, W2—W3 
separation of variables method with, 231-235 
Two-phase flow, forced convection boiling, 636-639 


U 
Unheated starting length, 445-446 
Unit mass, in flow work, 16 
Units: 
derived, 37 
English system, 36 
SI system, 36-38 
Unsaturated porous media, 119 


Vv 
Vapor blanket, 626, 629 
Vaporization, 15 
Velocity boundary layer, 378-379 
and laminar or turbulent flow, 383-385 
Velocity profile(s), for internal flow, 492-494 
View factor(s), 828-838 
definition of, 828 
integral, 828-829 
for two-dimensional geometries (table), 831-833 
view factor relations, 829-836 
Viscosity: 
dynamic, 80, 379 
kinematic, 78, 946 
Viscous dissipation, 17 
Viscous fluids, heat transfer in, W25—W36, 942-943 
Viscous stresses, W26, 943 
Void fraction, 461 
Volumetric flow rate, 17 
Volumetric heat capacity, 78 
Volumetric phenomena, 15-16 
radiation, 742-744, 862-867 
Volumetric thermal expansion coefficient, 565 


WwW 
Wall jet(s), 456-458 


Water, thermophysical properties of (saturated), 919-920 


Weber number, 402, 636 
Wien’s displacement law, 750 


Z 
Zenith angle, 739-740, 785 


Conversion Factors 


Acceleration 
Area 


Density 

Energy 

Force 

Heat transfer rate 
Heat flux 

Heat generation rate 
Heat transfer 
coefficient 
Kinematic viscosity 
and diffusivities 
Latent heat 

Length 


Mass 

Mass density 
Mass flow rate 
Power 


Pressure and stress! 


Specific heat 
Temperature 
Temperature difference 
Thermal conductivity 
Thermal resistance 


Viscosity (dynamic)* 


Volume 


Volume flow rate 


1 m/s? 
1m 


1 kg/m? 

1 J (0.2388 cal) 
1N 

1W 

1 W/m? 

1 W/m? 

1 W/m?-K 


1 m/s 


1 J/kg 
lm 


1km 
lkg 

1 kg/m? 
1 kg/s 
1kW 


1 N/m? (1 Pa) 


1.0133 X 10° N/m? 
1 X 10° N/m? 

L kJ/kg -K 

K 


1 m*/s 


4.2520 X 10’ ft/h? 
1550.0 in.” 

10.764 ft? 

0.06243 Ib,,/ft? 
9.4782 X 10°* Btu 
0.22481 Ib; 

3.4121 Btu/h 

0.3170 Btu/h - ft? 
0.09662 Btu/h - ft? 
0.17611 Btu/h: ft? - °F 


3.875 X 10° ft?/h 


4.2992 X 10°* Btu/lb,, 
39.370 in. 

3.2808 ft 

0.62137 mile 

2.2046 lb,, 

0.06243 1b,,/ft* 
7936.6 lb,,/h 

3412.1 Btu/h 

1.341 hp 

0.020885 lb;/ft? 
1.4504 X 10°“ Ib,/in.? 
4.015 X 107? in. water 
2.953 X 10 ‘in. Hg 

1 standard atmosphere 
1 bar 

0.2388 Btu/Ib,, * °F 
(5/9)°R 

(5/9)(°F + 459.67) 

°C + 273.15 

1°C 

(9/5)°R = (9/5)°F 
0.57779 Btu/h - ft -°F 
0.52753 °F/h: Btu 
2419.1 lb,,/ft-h 
5.8015 X 10~° Iby- h/ft? 
6.1023 x 104 in.? 
35.315 ft 

264.17 gal (U.S.) 
1.2713 X 10° ft*/h 
2.1189 < 10° ft/min 
1.5850 X 10* gal/min 


' The SI name for the quantity pressure is pascal (Pa) having units N/m? or kg/m: s. 
> Also expressed in equivalent units of kg/s - m. 


Physical Constants 


Universal Gas Constant: 
R = 8.205 X 10°* m’- atm/kmol - K 
= 8.314 X 10-7 m*: bar/kmol - K 
= 8.315 kJ/kmol: K 
= 1545 ft: lb;/Ibmole -°R 
= 1.986 Btu/Ibmole -°R 
Avogadro’s Number: 
N = 6.022 x 10” molecules/mol 
Planck’s Constant: 
h = 6.626 X 10 *J-s 
Boltzmann’s Constant: 
kyo = 1,381 * 10°F VK 
Speed of Light in Vacuum: 
C, = 2.998 X 10° m/s 
Stefan-Boltzmann Constant: 
o = 5.670 X 10° W/m’: K* 
Blackbody Radiation Constants: 
C= 3.742 * 10° Wm 
C, = 1.439 x 10* um-K 
C3 = 2898 wm: K 
Solar Constant: 
S. = 1368 W/m? 
Gravitational Acceleration (Sea Level): 
g = 9.807 m/s” = 32.174 ft/s* 
Standard Atmospheric Pressure: 
p = 101,325 N/m? = 101.3 kPa 
Heat of Fusion of Water at Atmospheric Pressure: 
hy = 333.7 kJ/kg 
Heat of Vaporization of Water at Atmospheric Pressure: 
hy, = 2257 kJ/kg 


